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Abstract
This thesis investigated the repeatability of the overwrite long period grating (LPG)
fabrication method and highlighted the advantage it offers in its ability to tune
spectral features thus allowing the manufacture of bespoke sensors. Moreover, LPGs
with periods ranging from 100 - 200 µm were written and a novel technique for
mapping the transmission data was presented. This method gave a unique overview
into the period mediated evolution of attenuation features, which, when designing
LPGs that operate at the sensitive phase matching turning point, is invaluable.
Further exploration into the overwrite method revealed that the UV irradiation
duty cycle used in the fabrication of LPGs was found to influence the presence of
harmonics, where a duty cycle of 25% maximised coupling to 2nd order transmission
features. LPGs which possessed these additional spectral features within a small
wavelength range (600 - 1000 nm) were assessed for their suitability in performing
multi-parameter sensing.
Ionic liquids were explored as an LPG CO2 sensitive coating. It was shown that
these materials demonstrate a refractive index change upon exposure to CO2 which
was maintained following mechanical stabilisation using a gelling agent. A coating
system for applying the gelled ionic liquid to the surface of an optical fibre was
developed and techniques to improve the coating deposition were explored. The
sensor demonstrated an 8 nm wavelength shift in response to 20% CO2, which was
reversible by reducing the partial pressure of CO2 for 25 min.

Acknowledgements
Firstly, I would like to thank Ralph Tatam for taking a chance on me, without
which, I would not have had the pleasure (and occasional frustration) to undertake
this work. His experience and knowledge of the PhD process has been invaluable
throughout. I am also indebted to Matt Partridge and Steve James for their expertise
and enthusiasm, and for allowing me to occupy large chunks of their time discussing
anything from the fundamentals of long period gratings to the state of English
cricket.
I would like to express my appreciation to all the Engineering Photonics staff who
were always happy to help and regularly brought delicious cake to coffee breaks. I
am also grateful to Steve Staines for his practical expertise during the fabrication of
equipment used in my experiments and for the numerous chats about woodworking.
It is fair to say that this experience would not have been the same without my fellow
PhD students. Their help, general conversation, and multiple Tequila nights made
my time as a student even more enjoyable.
Personally, I would also like to thank my family for their endless support and
providing a feast whenever I visited. And finally Fiona, for being an eternal optimist
and always listening to (tolerating) needlessly long-winded ramblings when things
weren’t going to plan.

Contents
Abstract v
Acknowledgements vii
Contents ix
List of Figures xv
List of Tables xix
List of Acronyms xxi
List of Symbols xxiii
1 Introduction 1
1.1 Optical fibre sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Thesis aims and objectives . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Thesis novelty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Chapter summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2 Carbon dioxide detection methods 11
2.1 Non-optical techniques . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1.1 Metal oxide semi-conductors . . . . . . . . . . . . . . . . . . . 12
2.1.2 Field effect transistors . . . . . . . . . . . . . . . . . . . . . . 14
2.1.3 Solid electrolyte potentiometers . . . . . . . . . . . . . . . . . 15
2.1.4 Summary of non-optical techniques . . . . . . . . . . . . . . . 16
2.2 Optical techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2.1 Non-dispersive infrared . . . . . . . . . . . . . . . . . . . . . . 17
2.2.2 Tuneable diode laser absorption spectroscopy . . . . . . . . . 18
2.2.3 Fibre optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
x Contents
2.2.4 Summary of optical techniques . . . . . . . . . . . . . . . . . 22
2.3 Summary and conclusions . . . . . . . . . . . . . . . . . . . . . . . . 22
2.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3 Long period gratings: Theory and fabrication 31
3.1 Principle of optical fibre operation . . . . . . . . . . . . . . . . . . . . 31
3.2 Long period gratings . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.3 Numerical analysis of long period gratings . . . . . . . . . . . . . . . 35
3.3.1 Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.4 Long period grating sensitivity characteristics . . . . . . . . . . . . . 39
3.4.1 Temperature sensitivity . . . . . . . . . . . . . . . . . . . . . 40
3.4.2 Strain sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.4.3 Refractive index sensitivity . . . . . . . . . . . . . . . . . . . . 42
3.4.4 Coating deposition on LPGs . . . . . . . . . . . . . . . . . . . 44
3.4.5 Summary of sensitivity characteristics . . . . . . . . . . . . . . 46
3.5 Fabrication techniques . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.5.1 Physical perturbation . . . . . . . . . . . . . . . . . . . . . . . 47
3.5.2 UV Photo-induction . . . . . . . . . . . . . . . . . . . . . . . 50
3.5.3 Post-fabrication treatment . . . . . . . . . . . . . . . . . . . . 52
3.5.4 Summary of fabrication techniques . . . . . . . . . . . . . . . 53
3.6 Variations to the LPG design . . . . . . . . . . . . . . . . . . . . . . 54
3.6.1 LPGs at the phase matching turning point . . . . . . . . . . . 54
3.6.2 Cascaded LPGs . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.6.3 Phase-shifted LPGs . . . . . . . . . . . . . . . . . . . . . . . . 57
3.6.4 Summary of LPG design variations . . . . . . . . . . . . . . . 58
3.7 Multi-parameter sensing using LPGs . . . . . . . . . . . . . . . . . . 58
3.7.1 Insensitive resonance features . . . . . . . . . . . . . . . . . . 59
3.7.2 In-series gratings . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.7.3 Hybrid systems . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.7.4 Differential shift in multiple bands . . . . . . . . . . . . . . . 61
3.8 Summary and conclusions . . . . . . . . . . . . . . . . . . . . . . . . 61
3.9 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4 Optical fibre coating for CO2 detection 71
4.1 Optical fibre coating techniques . . . . . . . . . . . . . . . . . . . . . 71
4.1.1 Dip-coating . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.1.2 Electrostatic self-assembly . . . . . . . . . . . . . . . . . . . . 73
4.1.3 Langmuir-Blodgett . . . . . . . . . . . . . . . . . . . . . . . . 75
Contents xi
4.1.4 Sol-gel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.1.5 Summary of fibre coating techniques . . . . . . . . . . . . . . 77
4.2 Materials with a CO2 affinity . . . . . . . . . . . . . . . . . . . . . . 78
4.2.1 Alkanoamines . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.2.2 Ordered mesoporous silica . . . . . . . . . . . . . . . . . . . . 80
4.2.3 Zeolites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.2.4 Metal organic frameworks . . . . . . . . . . . . . . . . . . . . 83
4.2.5 Ionic liquids . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.2.6 Summary of CO2 sensitive materials . . . . . . . . . . . . . . 92
4.3 Summary and conclusion . . . . . . . . . . . . . . . . . . . . . . . . . 92
4.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5 Fabrication of LPGs at the phase matching turning point 105
5.1 The overwrite method . . . . . . . . . . . . . . . . . . . . . . . . . . 106
5.2 Repeatability of overwrite fabrication system . . . . . . . . . . . . . . 108
5.2.1 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
5.2.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . 110
5.3 Experimental determination of phase matching turning points . . . . 113
5.3.1 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
5.3.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . 114
5.4 Summary and conclusion . . . . . . . . . . . . . . . . . . . . . . . . . 120
5.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
6 Generation and characterisation of 2nd order resonance bands 125
6.1 Generation of 2nd order resonance bands . . . . . . . . . . . . . . . . 126
6.1.1 Experimental procedure . . . . . . . . . . . . . . . . . . . . . 128
6.1.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . 129
6.2 Characterisation of 2nd order resonance . . . . . . . . . . . . . . . . . 134
6.2.1 Experimental methods . . . . . . . . . . . . . . . . . . . . . . 134
6.2.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . 139
6.3 Feasibility of multi-parameter sensing using 2nd order resonance in
LPGs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
6.3.1 Qualitative analysis . . . . . . . . . . . . . . . . . . . . . . . . 145
6.3.2 Quantitative analysis . . . . . . . . . . . . . . . . . . . . . . . 147
6.4 Summary and conclusion . . . . . . . . . . . . . . . . . . . . . . . . . 150
6.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
7 CO2 sensing using LPGs 155
xii Contents
7.1 PEI-based LPG CO2 sensor . . . . . . . . . . . . . . . . . . . . . . . 156
7.1.1 PEI coating procedure . . . . . . . . . . . . . . . . . . . . . . 156
7.1.2 CO2 response of the PEI coated LPG . . . . . . . . . . . . . . 158
7.2 The suitability of [C6mim][Tf2N] as a CO2 sensitive coating . . . . . . 162
7.2.1 CO2 response of ionic liquids . . . . . . . . . . . . . . . . . . . 163
7.2.2 Preparation of ionogel . . . . . . . . . . . . . . . . . . . . . . 166
7.3 Ionogel fibre coatings . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
7.3.1 Development of coating system . . . . . . . . . . . . . . . . . 168
7.3.2 Ionogel surface characteristics . . . . . . . . . . . . . . . . . . 171
7.4 Improving the ionogel coating . . . . . . . . . . . . . . . . . . . . . . 174
7.4.1 Silanisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
7.4.2 Contact angle assessment . . . . . . . . . . . . . . . . . . . . . 176
7.4.3 Ionogel coating following fibre pretreatment . . . . . . . . . . 180
7.4.4 Withdrawal speed effect on ionogel coating thickness . . . . . 180
7.5 Characterisation of LPG CO2 ionogel sensor . . . . . . . . . . . . . . 184
7.5.1 Ionogel CO2 response . . . . . . . . . . . . . . . . . . . . . . . 184
7.5.2 Ionogel humidity response . . . . . . . . . . . . . . . . . . . . 188
7.5.3 Ionogel temperature response . . . . . . . . . . . . . . . . . . 190
7.5.4 Silanisation CO2 response . . . . . . . . . . . . . . . . . . . . 191
7.6 Summary and conclusion . . . . . . . . . . . . . . . . . . . . . . . . . 192
7.7 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
8 Conclusions and future work 199
8.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
8.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
8.2.1 LPG operation . . . . . . . . . . . . . . . . . . . . . . . . . . 202
8.2.2 Sensor fabrication . . . . . . . . . . . . . . . . . . . . . . . . . 203
8.2.3 Sensor performance . . . . . . . . . . . . . . . . . . . . . . . . 205
8.3 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207
List of Publications 209
Appendix A Python script for LPG phase matching curves 211
Appendix B Python script for square-wave Fourier analysis 217
Appendix C Python script for harmonic intensity dependence on duty
cycle 219
Contents xiii
Appendix D Thermal expansion calculation 221
D.1 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

List of Figures
1.1 Operating principle of FBGs and LPGs . . . . . . . . . . . . . . . . . 3
2.1 Band theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2 Metal oxide sensor schematic . . . . . . . . . . . . . . . . . . . . . . . 13
2.3 Field effect transistor based gas sensor structure . . . . . . . . . . . . 14
2.4 Basic CO2 pellet solid electrolyte potentiometer design . . . . . . . . 16
2.5 Diagram of a linear non-dispersive infrared CO2 gas sensor . . . . . . 18
2.6 Gas absorption enhancement techniques . . . . . . . . . . . . . . . . 20
2.7 CO2 fibre optic sensor technologies . . . . . . . . . . . . . . . . . . . 21
3.1 Step-index fibre . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.2 Multimode and single mode fibre . . . . . . . . . . . . . . . . . . . . 32
3.3 Uniform LPG structure . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.4 The transmission spectrum of a uniform LPG . . . . . . . . . . . . . 35
3.5 Phase matching curves . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.6 LPG response to changes in temperature . . . . . . . . . . . . . . . . 41
3.7 LPG response to changes in strain . . . . . . . . . . . . . . . . . . . . 43
3.8 LPG response to changes in external refractive index . . . . . . . . . 44
3.9 Effect of overlay thickness . . . . . . . . . . . . . . . . . . . . . . . . 45
3.10 Arrangement for CO2 laser irradiated LPG fabrication . . . . . . . . 48
3.11 Illustration of a tapered LPG . . . . . . . . . . . . . . . . . . . . . . 48
3.12 Arrangement for electric-arc LPG fabrication . . . . . . . . . . . . . . 49
3.13 Effect of varying refractive indices on an LPG transmission spectrum
at the PMTP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.14 Working principle of a cascaded LPG . . . . . . . . . . . . . . . . . . 56
3.15 Cascaded LPG spectrum . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.16 Illustration of a phase-shifted LPG . . . . . . . . . . . . . . . . . . . 57
3.17 Transmission spectra of phase-shifted LPGs with various phases . . . 58
3.18 Hybrid grating system . . . . . . . . . . . . . . . . . . . . . . . . . . 60
xvi List of Figures
4.1 Dip-coating scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.2 Electrostatic self-assembly concept . . . . . . . . . . . . . . . . . . . 74
4.3 Langmuir-Blodgett layering mechanism . . . . . . . . . . . . . . . . . 76
4.4 Langmuir-Blodgett layering structures . . . . . . . . . . . . . . . . . 76
4.5 General sol-gel process . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.6 Reaction of CO2 and primary amines . . . . . . . . . . . . . . . . . . 79
4.7 Reaction of CO2 and tertiary amines . . . . . . . . . . . . . . . . . . 80
4.8 Zeolite CO2 chemical adsorption mechanism . . . . . . . . . . . . . . 82
4.9 Example of MOF structure . . . . . . . . . . . . . . . . . . . . . . . . 84
4.10 Common anions and cations of ionic liquids . . . . . . . . . . . . . . 86
4.11 Ionic liquid synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.12 Effect of ionic cohesion . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.1 LPG fabrication system . . . . . . . . . . . . . . . . . . . . . . . . . 106
5.2 Flowchart of the overwrite fabrication program . . . . . . . . . . . . . 109
5.3 LPG repeatability spectra . . . . . . . . . . . . . . . . . . . . . . . . 111
5.4 Tailoring LPG spectra using the overwrite method . . . . . . . . . . . 112
5.5 Intensity plot of PMTPs between 100 - 200 µm . . . . . . . . . . . . 115
5.6 Effect of varying the core’s refractive index on phase matching curves 116
5.7 Intensity plot of 2nd order PMTP formation . . . . . . . . . . . . . . 117
5.8 Phase matching curves - 2nd order diffraction . . . . . . . . . . . . . . 118
5.9 Evolution of 2nd order features . . . . . . . . . . . . . . . . . . . . . . 119
6.1 Harmonic content of sqaure-wave with a 50% duty cycle . . . . . . . 126
6.2 Effect of varying a square wave’s duty cycle on harmonic intensity . . 127
6.3 Fabrication process for an LPG with a cumalative duty cycle . . . . . 129
6.4 Intensity plot of a 380 µm period LPG with 0 - 100% duty cycles . . 130
6.5 Intensity plot of a 175 µm period LPG with 0 - 100% duty cycles . . 131
6.6 LPG transmission spectra comparing 25% and 50% duty cyle . . . . . 133
6.7 Spectrum of LPG used in characterisation experiments . . . . . . . . 135
6.8 Experimental setup for strain characterisation . . . . . . . . . . . . . 136
6.9 Experimental setup for temperature characterisation . . . . . . . . . 137
6.10 Experimental setup for automated refractive index testing . . . . . . 138
6.11 Accuracy of refractive index testing system . . . . . . . . . . . . . . . 139
6.12 Temperature sensitivty of LPG with 2nd order feature near PMTP . . 140
6.13 Strain sensitivty of LPG with 2nd order feature near PMTP . . . . . 142
6.14 Refractive index sensitivty of LPG with 2nd order feature near PMTP 143
7.1 Light microscopy image of (PEI-SiO2)10 coated fibre . . . . . . . . . . 157
List of Figures xvii
7.2 Spectrum confirming PEI/SiO2 deposition . . . . . . . . . . . . . . . 158
7.3 Experimental layout for testing CO2 response of PEI/SiO2 coated fibre160
7.4 CO2 response of a PEI/SiO2 coated LPG . . . . . . . . . . . . . . . . 161
7.5 CO2 response of a PEI/SiO2 coated LPG with stabilised humididty . 162
7.6 Experimental arrangement for assessing refractive index change of
[C6mim][Tf2N] using an LPG . . . . . . . . . . . . . . . . . . . . . . 164
7.7 Wavelength shift of LPG to [C6mim][Tf2N] subjected to CO2 and SA 165
7.8 Wavelength shift of LPG to [C6mim][Tf2N] subjected to CO2 for
different exposure times . . . . . . . . . . . . . . . . . . . . . . . . . 166
7.9 Image of [C6mim][Tf2N] ionogel subjected to CO2 and SA . . . . . . . 167
7.10 1st ionogel coating sytem . . . . . . . . . . . . . . . . . . . . . . . . . 168
7.11 2nd ionogel coating sytem . . . . . . . . . . . . . . . . . . . . . . . . . 169
7.12 Test coating using 2nd coating system . . . . . . . . . . . . . . . . . . 170
7.13 Final ionogel coating system . . . . . . . . . . . . . . . . . . . . . . . 171
7.14 eSEM image of the ionogel coating surface . . . . . . . . . . . . . . . 172
7.15 eSEM image of ionogel coating thickness . . . . . . . . . . . . . . . . 173
7.16 eSEM image of ionogel coating inhomogeneity . . . . . . . . . . . . . 174
7.17 Process of glass silanisation . . . . . . . . . . . . . . . . . . . . . . . 175
7.18 Illustration of contact angle measurement . . . . . . . . . . . . . . . . 176
7.19 Image of the optical tensiometer . . . . . . . . . . . . . . . . . . . . . 177
7.20 Contact angle for silanated and non-slianated glass sldies . . . . . . . 178
7.21 Confirmation of the presence of AMPS on optical fibres . . . . . . . . 179
7.22 eSEM image of ionogel coating on silane pretreated fibre . . . . . . . 181
7.23 eSEM image of ionogel coating on silane pretreated fibre . . . . . . . 182
7.24 Wavelength response of an LPG to different coating withdrawal speeds183
7.25 Wavelength response of a [C6mim][Tf2N] ionogel coated LPG to 20%
CO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
7.26 Wavelength response of a [C6mim][Tf2N] ionogel coated LPG to cycles
of SA and 20% CO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
7.27 Wavelength response of a [C6mim][Tf2N] ionogel coated LPG to vari-
ations in humidity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189
7.28 Wavelength response of a [C6mim][Tf2N] ionogel coated and non-coated
LPG to variations in temperature . . . . . . . . . . . . . . . . . . . . 191
7.29 Wavelength response of an AMPS coated LPG to CO2 . . . . . . . . 192
8.1 Transmission spectrum highlighting the intensity decrease in 1st order
attenuation bands . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
8.2 Illustration of the proposed improvements to the ionogel coating system204

List of Tables
2.1 Influence of sensor operating temperature on gas sensitivity for a tin
oxide sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2 Summary table of exisiting CO2 detection methods . . . . . . . . . . 24
3.1 PS750 fibre parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2 LPG fabrication summary table . . . . . . . . . . . . . . . . . . . . . 62
4.1 Summary table of coating materials . . . . . . . . . . . . . . . . . . . 94
6.1 Sensitivity coefficients for 1st and 2nd order resoance to temperature,
strain and surrounding refractive index . . . . . . . . . . . . . . . . . 146
6.2 Condition numbers for simultaneous meaurment in 1st and 2nd order
resonance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
6.3 Quantitative error analysis for simultaneous measurement in 1st and
2nd order resonance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
7.1 Thermo-physical properties of [C6mim][Tf2N] . . . . . . . . . . . . . . 163

List of Acronyms
[BF4] Tetrafluoroborate
[Bmim] 1-butyl-3-methylimidazolium
[C6mim][Tf2N] 1-hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide
[PF6] Hexaflourophosphate
AMPS (3-Aminopropyl)trimethoxysilane
CO2 Carbon dioxide
CRDS Cavity ringdown spectroscopy
ESA Electrostatic self-assembly
eSEM Environemntal scanning electron microscopy
FBG Fibre Bragg grating
FET Field effect transistor
IPA Isopropyl alcohol
LB Langmuir-Blodgett
LMOG Low molecular-weight organic gelator
LoD Limit of detection
LP Linearly polarised cladding mode
LPG Long period grating
MOF Metal organic framework
MOS Metal oxide semi-conductor
NDIR Non-dispersive infrared
xxii List of Acronyms
OMS Ordered mesoporous silica
OSA Optical spectrum analyser
PCF Photonic crystal fibre
PEI Polyethylenimine
PMTP Phase matching turning point
RIU Refractive index units
SA Synthetic air
SBU Secondary building unit
SD Standard deviation
SiO2 Silica nano-particles
TDLAS Tuneable diode laser absorption spectroscopy
TNBSA 2,4,6-trinitrobenzene sulfonic acid
List of Symbols
A Generic environmental parameter 145
Af Optical fibre cross-sectional area 135
A(λ) Absorbance 17
Avj,i Arbitary field constant 37
B Generic environmental parameter 145
b Gradient of calibration curve 205
β Propagation constant 33
λ Wavelength determination matrix 147, 148
Bvj,i Arbitary field constant 37
C Gas concentration 17
c Speed of light in vacuo 33
Cbulk Fractional concentration of bulk sucrose solution 138
Cexp Expected sucrose concentration 138
CI Confidence intervals 138
Cn Condition number 145
Cv Generic Bessel function 37
C ′v Derivative of generic Bessel function 37
D Deposition solution’s physio-chemical characteristics 73
∆ Determinant of K 147, 148
δA Error in measuring environmental parameter A 147, 148
δB Error in measuring environmental parameter B 148
δK Errors within K 147
∆λi Change in central wavelength of resonance band i 145
δλi Wavelength measurement precision of attenuation band
i
148
∆∗ Determinant of K errors 148
xxiv List of Symbols
δiA Standard error of the matrix coefficient for attenuation
band i and environmental parameters A
148
δiB Standard error of the matrix coefficient for attenuation
band i and environmental parameters B
148
δλ Errors in determining wavelength 147
Dv Generic Bessel function 37
D′v Derivative of generic Bessel function 37
E Rate of evaporation experienced by deposition solution 72
 Axial strain 42
ηg Ionogel viscosity 183
Ev Cell volatge 15
F Faraday’s constant 15
f frequency 33
G Young’s modulus of silica glass 135
g Gravitational acceleration 135
γvj,i Magnitude of transverse wavenumber 37
γg Ionogel surface tension 183
h0 Deposition thickness 72
IB(λ) Baseline spectrum wavelength associated intensity 110
Iv Modified Bessel function of the first kind 37
IF (λ) Final spectrum wavelength associated intensity 110
Jv Ordinary Bessel function of the first kind 37
K Sensor characteristic matrix 145, 147, 148
k Wavenumber 33
k0 Wavenumber in free space 33
κi Coupling constant for the ith mode 34
Kv Modified Bessel function of the second kind 37
ki Solution composition constant 72
KiA Coefficient of environemntal parameter A for resonance
band i
145, 148
List of Symbols xxv
KiB Coefficient of environemntal parameter B for resonance
band i
145, 148
‖K‖ Norm of matrix K 145
‖K−1‖ Inverse norm of matrix K 145
KT True value of K 147
Lg Grating length 34
L Optical path length 17
Λ LPG period 34
λ0 Wavelength in free space 33
λi Combined wavelength shift of attenuation band i in
response to environmental parameters A and B
148
λT True wavelength value 147
λ(x) Resonance band central wavelength 34
m Mass 135
Mi,i+i Waveguide matrix 38
N Order of diffraction 34
n Generic refractive index 33
n1 Core refractive index 31
n2 Cladding refractive index 31
n3 Surrounding refractive index 33
nclad(x) Cladding effective refractive index for xth cladding
mode
34
ncore Core’s effective refractive index 34
ne Number of electrons 15
ni Refractive index of dielectric layer i 37
Φv Azimuthal component of the electric field 37
φ Azimuthal angle 37
Ψvj,i Wave function 37
Qi Qi transfer matrix factor 38
Rvj,i Radial component of the electric field 37
r Radial distance 37
xxvi List of Symbols
Rc Gas constant 15
ρg Ionogel density 183
SE Standard error 139
σ(λ) Gas absorption coefficient 17
Sw Substrate width 73
T Temperature 40
θc Critical angle 32
Ti Transmission loss of resonance band associated with
ith mode
34
tn−1 Two tailed t-value 139
Uvj,i Transverse electric field 37
u Withdrawal speed 73
v Positive arbitrary azimuthal number 37
Vdose Cumulative dose volume 138
Vsamp Cumulative sample volume 138, 139
Vwt Initial volume of water 138
x¯ Mean dose % 139
Yv Ordinary Bessel function of the second kind 37
Chapter 1
Introduction
The ability to detect carbon dioxide (CO2) is of vital importance in numerous
situations, ranging from patient health monitoring (capnography) [1] to environmental
research [2], and ensuring safe working conditions during industrial procedures
[3]. This is often performed with commercial devices based on non-dispersive
infrared (NDIR) [4, 5] or electrochemical processes [6]. Although these techniques
are well suited to many of the environments previously mentioned, situations that
require remote sensing or necessitate electrical isolation would render these methods
inappropriate. Furthermore, in certain situations, an array of sensors is desirable,
where either the devices operate synergistically (simultaneously measuring parameters
which interfere with the analyte of interest) or are designed to detect a number of
separate analytes. Typically, this requires a substantial container in which to house
the numerous sensing elements, therefore making multi-parameter detection with
these devices impractical in circumstances where space or weight is limited. It is in
these situations that optical fibre sensors can provide an attractive solution.
1.1 Optical fibre sensors
Optical fibres have revolutionised communication technology allowing the transfer of
high data rates over long distances with minimal signal losses. Furthermore, unlike
their copper counterparts, optical fibres are relatively immune to electromagnetic
interference and, due to their ability to transfer larger bandwidths, generally require
less space [7]. It is these attributes that stimulated research into the use of optical
fibres as a sensing medium. The ever-growing interest in fibre-based sensors can
be clearly seen, where a basic Scopus search for "Optical Fiber Sensor" reveals
that over 60% more articles were published in 2017 (3111) than in 2007 (1913).
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The types of fibre sensor available vary from point-based elements, which include
inline-interferometers (Mach-Zehnder, Michelson, Fabry-Perot) and fibre gratings,
to distributed fibre sensors employing time- and frequency-domain reflectometry
(Brillouin and Raman scattering) [8].
Although numerous optical fibre sensing methods exist, the ability to detect CO2
requires the transmitted light to interact with the environment in which the gas
is present. One method commonly used to achieve this is to alter the physical
properties of the fibre by removing the cladding through etching or tapering [9]. Both
of these fibre sensing methods have been successfully implemented for the detection
of chemical and biological species [10, 11]. Nevertheless, a reduction in cladding
material significantly increases the fragility of the sensing device and the fabrication
process used to create these modified-fibre elements is often difficult [9, 12].
Gratings offer another technique in which to adapt optical fibres to facilitate modal
interactions with the surrounding environment. Unlike devices that require a portion
of the cladding to be removed, fibre gratings can be formed without the need
to significantly disrupt its structure. Furthermore, they offer the potential for
multiplexing along a single optical fibre using wavelength division multiplexing
[13, 14]. These in-fibre elements are comprised of periodic changes to the refractive
index of the fibre’s core and are generally classified into two basic types defined by
the periodicity of the grating, namely, fibre Bragg gratings (FBGs) and long period
gratings (LPGs) [15]. FBGs have periods which are typically sub-micron and act to
promote back-reflected core modes at a wavelength that matches the Bragg condition
[16], while LPGs possess longer periods in the order of hundreds of micrometres and
act to couple core guided light to forward propagating cladding modes [17] (Fig. 1.1).
Through the use of gratings, changes in the fibre’s properties (physical elongation,
refractive index variation) induced by external parameters (temperature, strain,
surrounding refractive index etc.) are translated into properties of light that can
be measured, including, wavelength, intensity and phase [18]. Fibre-based chemical
sensing generally requires the environment surrounding the fibre to be monitored.
While LPGs are inherently sensitive to perturbations in refractive index surrounding
the fibre [19], FBGs are not, and therefore must be inscribed at an angle relative the
fibre’s axis, named tilted FBGs, to augment this form of sensing [20]. Furthermore,
LPGs demonstrate superior sensitivities with values up to 104 nm·RIU−1 (where
RIU stands for refractive index unit) in comparison to 102 nm·RIU−1 observed
in tilted FBGs [21]. Moreover, since LPGs are created using longer periods, the
fabrication process allows for gratings with unusual periods and structures to be
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created permitting them to be altered for specific purposes [22, 23].
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Figure 1.1: Operating principle of an LPG (a), where each modulation produces discrete
wavelengths to couple into the cladding resulting in multiple attenuation bands in the trans-
mission feature and an FBG (b), where each refractive index modulation (dark bands) causes
back-reflections resulting in a detectable reflected peak. Adapted from [13]
The greatest drawback of LPGs is that they are also inherently sensitive to tem-
perature, strain, and bending, thus creating difficulties for successful single analyte
measurements [17]. Nevertheless, as the transmission of an LPG possesses many
resonance bands, it is possible to utilise the feature-rich spectrum to monitor more
than one measurand simultaneously [24]. LPGs are not intrinsically sensitive to
specific chemicals and therefore respond to general changes in external refractive
index [25]. However, by coating the grating with a material that exhibits a refractive
index change in response to a particular chemical, it is possible to create a highly
sensitive and selective device [26, 27]. The ability to tailor the response of an LPG
in this manner further highlights their suitability as a sensing platform.
To date, there has been minimal research on the efficacy of LPGs for the detection of
CO2 [28, 29, 30]. Considering the desirable attributes these in-fibre gratings possess
for chemical sensing and the need for real-time CO2 monitoring, LPGs have the
potential to be a cheap, viable alternative CO2 sensor.
1.2 Thesis aims and objectives
The main aim of this project was to develop a fibre optic CO2 sensor. The intention
was that this device could eventually be integrated with a prototype LPG ammonia
breath sensor being developed within the Centre for Engineering Photonics. Utilised
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for this purpose, the CO2 sensor would improve sampling reliability through the
identification of specific lung regions based on exhaled CO2 concentrations. Typically,
the air sampled from the alveolar region is utilised for analyte quantification, since this
part of the exhaled air has been in contact with alveoli blood, and can be recognised
through a plateaued CO2 concentration around 4% [1]. It is therefore required that
the CO2 sensor is able to detect concentrations between 0 - 15% with an accuracy
of ±0.2% (based on the specification of a CO2 sensor utilised in [31] for breath
sampling analysis). Additionally, the device here must possess a response/recovery
time of <0.1 s in order to determine the magnitude of the CO2 response required to
accurately identify the aforementioned plateau in a single breath [32]. Finally, it is
also important that the fibre based sensor is assessed for its cross-sensitivity with
ammonia and humidity (since human breath is water saturated) [33].
In order to achieve these aims, the following research objectives were proposed:
i Investigate the reproducibility of LPG fabrication methods and assess the
suitability of this technique for creating highly sensitive devices.
ii Evaluate the applicability of higher order features as technique for multi-
parameter sensing using a single LPG element as a means to compensate for
interfering environmental parameters.
iii Explore a number of materials for their appropriateness as a CO2 sensitive
LPG coating.
iv Characterise the newly manufactured device’s response to CO2, temperature,
and humidity.
v Disseminate novel findings via appropriate academic conferences and in suitable
peer-reviewed journals.
1.3 Thesis novelty
The following points highlight the aspects of the thesis which are considered to be
novel:
i A representation technique which looks to highlight the crucial resonance
features from sequential LPG transmission data in order to aid in the future
fabrication of complex and coated LPGs (Chapter 5).
ii A theoretical and experimental demonstration that the UV irradiation duty
cycle during LPG fabrication governs which harmonic features are present in
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the transmission spectrum (Chapter 6).
iii The demonstration of a CO2 induced refractive index change in the ionic liquid
1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (Chapter 7).
iv The design and development a coating technique to apply the ionic liquid gel
to an optical fibre surface (Chapter 7).
v The detection of 20% CO2 using an ionic liquid gel coated LPG (Chapter 7).
1.4 Chapter summary
Chapter 2 reviews the various types of CO2 sensors which have been developed
and summarises the key advantages and disadvantages of each technology.
Chapter 3 covers the theory of LPGs by outlining operating mechanisms, inherent
sensitivities, examples of different LPG types, fabrication techniques, and a
number of multi-parameter sensing schemes.
Chapter 4 discusses common methods of applying coatings to optical fibres and
reviews materials which display an affinity for CO2.
Chapter 5 presents the first experimental work investigating the repeatability and
the advantages of fabricating LPGs using the overwrite method. Additionally,
through the fabrication of numerous LPGs, a novel technique for portraying
fabrication data is outlined from which a number of key LPG characteristics
can be inferred.
Chapter 6 investigates and identifies the fabrication parameters necessary to
consistently produce an LPG with higher order diffraction features, where an
LPG possessing these additional features is assessed for its ability to perform
simultaneous measurements.
Chapter 7 outlines the development of an LPG CO2 sensor from initial material
suitability evaluations, to the creation of a coating system, and finally, the
characterisation of the sensing device.
Chapter 8 summarises the results presented in the thesis and details future exper-
iments in which to further the work presented here.
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Chapter 2
Carbon dioxide detection methods
Monitoring concentrations of CO2 is essential in numerous situations, ranging from
leak detection in underground CO2 storage reservoirs [1] to environmental research [2],
and ensuring safety in enclosed industrial environments (fermentation vats, freezers,
mines) [3]. In each circumstance, the location, desired sensitivity, and number of
devices ultimately governs the size and type of sensor most suited for the purpose.
In order to meet the wide-ranging demand, various CO2 detection technologies have
been developed from small, simple low-cost units to expensive, highly accurate tools.
This chapter reviews the most-widely used techniques for the detection of CO2 in
order to help clarify the design and requirements for a novel CO2 sensor.
2.1 Non-optical techniques
Numerous CO2 sensors are based on changes in the electrical properties of materials
(conductance, resistance) rather than spectroscopic absorption. These devices are
often cheap to produce and are small in size, making it easy to incorporate them
into electronic systems and allowing widespread deployment [4]. However, they
tend to suffer from cross sensitivity with coexisting gases and often deteriorate with
time, leading to a short-life span [5]. There are a number of important performance
parameters associated with sensors that require definition prior to a review on CO2
sensors, namely, limit of detection (LoD), response time, and selectivity. Firstly, LoD
is generally defined as the lowest concentration that a device can detect. The response
time of a sensor is the time required for a 10% to 90% change of the test signal at
equilibrium following exposure to the target gas. Finally, selectivity is described
as the extent to which a device can determine a particular analyte in a mixture or
composition without interference from competing substances. All definitions were
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obtained from [6].
2.1.1 Metal oxide semi-conductors
Metal oxide semi-conductor (MOS) devices have attracted substantial attention in
the field of gas sensing due to their low-cost, ease-of-use, and quick production.
Furthermore, the majority of MOS sensors demonstrate longevity and resistance to
poisoning [7]. To understand the basic operation of these devices, a brief description
of band theory is required. Band theory proposes that within a lattice, the energy
states present form bands rather than discrete energies and that for conduction to
occur, electrons must be able to pass from the valence band into the conduction
band. Between the bands there exists a gap which requires excitation to bridge and
depending on the class of material (conductor, semi-conductor, insulator), this gap
can vary in the amount of energy required to traverse it (Fig. 2.1). In the case of
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Figure 2.1: Schematic representation of the conduction and valence band for the three main classes
of material. The large gap observable in the insulator means no electrons are able to transfer to
the conduction band, whereas with sufficient energy this transfer may occur in the semi-conductor.
Conductors possess overlapping bands thus not requiring external stimuli to achieve conductance [8]
semi-conductors, the gap is small enough (typically in the region of 0.5 - 5.0 eV)
such that during excitation it is possible for electrons to inhabit the conduction band
but large enough that below the Fermi level (the highest electron energy level at a
specific temperature) conduction is not present [8, 9].
An arrangement for a typical MOS sensor can be seen in Fig. 2.2, although other
structures, such as tubes and bead-shapes, have been successful applied [10]. Sensing
is accomplished in MOS sensors via surface reactions between the adsorbed surface
oxygen species and the target gas. This causes the molecule of interest to dissociate
into charged ions, which results in the transfer of electrons to the conduction band
producing a change in the resistivity of the sensitive layer [11]. The device is
operated at high temperatures (>250◦C) and is optimised for the target gas for
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fast, reproducible device operation (Table 2.1) [4, 11]. The change in resistivity is
Table 2.1: Influence of sensor operating temperature on gas sensitivity for a tin oxide sensor. Gas
concentrations in air are 0.8% hydrogen (H2), 0.2% C3H8, 0.5% methane (CH4) and 0.02% carbon
monoxide (CO). Data obtained from graphical interpretation [12]
Analyte Temperature (◦C)
H2 320
C3H8 360
CH4 440
CO 350
governed by the choice of semi-conductor (p-type, n-type) and whether the target
gas is a reducing or an oxidising agent. For example, an n-type semi-conductor will
experience an increase in resistivity in the presence of an oxidising gas, whereas a
p-type material will demonstrate a decrease [8]. CO2 can be detected by various
metal oxides (e.g. Al, Bi, Cd). However, none of these materials respond specifically
to CO2 and may react with many other gaseous species [13]. These ’pure’ materials
can be doped with noble metals (Au, Pl etc.) to improve sensitivity and selectivity
[14]. This ability to alter sensing characteristics through the variation in dopants
has allowed the realisation of numerous MOS CO2 sensors with varying degrees of
sensitivity and specificity.
Electrodes Sensing material
HeaterSubstrate
Sensing materialElectrodes
Side view
Top view
Figure 2.2: Schematic of a typical MOS sensor. Electrodes are integrated into the sensing layer
which is deposited onto a insulating substrate provided with a heater [11]
MOS sensors can detect CO2 in concentrations ranging from 500 - 50,000 ppm
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depending on the metal oxide chosen [15, 16, 17, 18]. However, they suffer from
cross-sensitivity with humidity and other gaseous species (e.g. carbon monoxide).
Reduction of carbon monoxide induced responses in SnO-based MOS gas sensors
has been achieved by doping the semi-conductor material with La [19]. Generally,
MOS sensors display response times ∼60 s, although this can be influenced by the
structure (surface-to-volume ratio) of the metal oxide layer [20].
2.1.2 Field effect transistors
First utilised to detect gaseous hydrogen [21], field effect transistors (FETs) have
been adapted for use in CO2 sensing. These transistors consist of a silicon body
with two doped channels (either p- or n-type silicon depending on the FET) and
three terminals: source, drain and gate. An insulator (typically SiO2) separates
the source and drain allowing a flow of current in the channel region between the
two to be controlled by the gate terminal through the application of a potential
difference (Fig. 2.3). Once the applied potential difference reaches a certain voltage
threshold, a high density layer of negative charge forms, allowing current to flow
between the source and drain. In gas sensing, the gate is comprised of a material
which demonstrates an affinity for the target gas (i.e. palladium for hydrogen sensing
[21]). Contact with the target gas induces either a physical or chemical change in
the material, causing the required potential difference for current to flow.
Source Drain
Insulator
Gate
<channel>
Body
Figure 2.3: Basic FET structure
In the case of CO2 FET sensors, the sensitive region can be created through a
number of materials, including amine-functionalised carbon nanotubes, ionic liquids
and amine-starch polymers [22, 23, 24, 25]. Typically, FETs are able to detect CO2
from approximately 500 ppm with response times in the region of a few seconds [22].
Additionally, unlike MOS sensors, FETs are able to operate at room temperature,
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improving device lifetime and power consumption. Furthermore, a variety of sensing
materials can be used, broadening the possibility for selective sensing [26]. However,
these devices often suffer from hysteresis originating from humidity interference and
analyte saturation of the sensitive material [22, 27].
2.1.3 Solid electrolyte potentiometers
Traditionally, potentiometric electrochemical cells based on solid electrolytes operate
via redox reactions with redox-active gases (e.g. oxygen) by surface conductivity.
However, CO2 is redox-inactive and therefore requires a different strategy to achieve
detection [28]. This has been accomplished through the use of solid electrolytes that
possess alkaline charge carriers, such as sodium ion conductors [29]. The simplest CO2
potentiometric sensors are based on a sensitive layer of bicarbonate, typically sodium
or lithium bicarbonate, separating a sensing electrode and a reference electrodes.
Determination of CO2 concentrations can be achieved via monitoring the cell voltage
(Ev) which is determined by the difference in carbonate concentration at the two
electrodes governed by the Nernest equation [30],
Ev =
RcT
neF
ln
(
[CO2−3 ]sens
[CO2−3 ]ref
)
(2.1)
where Rc is the gas constant, T is temperature, F is Faraday’s constant and ne is
the number of electrons (ne = 2 for CO2−3 ). To obtain a stable reference signal,
essential for a reliable CO2 concentration measurement, a reference gas of CO2 and
O2 with stable partial pressures is typically used. However, this approach requires
gas separation between sensing and reference electrodes, complicating the sensor
design and limiting its effectiveness in diverse environments [30].
To overcome this, an alternate method was devised through the development of
solid-state reference electrodes that establish potential via metal oxide (e.g. NaO)
activity. This allows only the sensing electrode to display CO2 sensitivity, rather
than both, on the assumption that the sensing and reference electrodes are exposed
to the same oxygen partial pressure. In this design, the electrochemical cell relies
on sodium conducting ions rather than carbonates via the use of alkali metal
electrolytes. In the case of sodium, common ion conducting electrolytes are NASICON
(Na1+xZr2SixP3−xO12 (0 < x < 3)) and Na-β-alumina (Na2O·11Al2O3). Combining
the electrolyte with an auxiliary phase, typically comprised of Na2CO3, sodium ions
are exchanged at the interface of the two materials in order to maintain equilibrium
between sodium and CO2 (Fig. 2.4). Although more complex, this electrochemical cell
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Reference electrode
Solid electrolyte - NASICON
Sensing electrode - Na2CO3
mVNa+
Figure 2.4: Basic CO2 pellet solid electrolyte potentiometer design with Na+ flow indicated [31]
system only requires O2 as a reference gas removing the necessity for gas separation
[29]. Further improvements in reference electrode stability have been proposed by
removing the reference gas dependency entirely (i.e. only the sensing electrode is gas
sensitive) by fixing the O2 activity through the use of silica or zirconia incorporated
materials (e.g. Na2Si2O5) [29].
These devices are generally operated at high temperatures (>400◦C) as ion conductiv-
ity, response magnitude and sensitivity are all improve with increasing temperatures
[30]. Detection generally occurs in the 100 - 10,000 ppm range with response times
<2 min [32, 33]. However, both NASICON and β-alumina react with hydrogen sulfide
to form sodium sulfate, resulting in irreversible degradation of these electrolytes [34].
Additionally, operating life is often limited due to chemical reactions between the
auxiliary and electrolyte phases and decomposition of the sensing electrode [35].
2.1.4 Summary of non-optical techniques
CO2 sensors based on non-optical techniques generally offer a cost-effective detection
scheme, particularly if numerous devices are necessary. Additionally, it is possible
to alter their sensing characteristics through varying the chemical composition of
the sensor. However, the greatest drawback with non-optical based CO2 sensors are
their susceptibility to cross-sensitivity with humidity and other gaseous species.
It is clear that the aforementioned techniques are not suitable for the current project
since they would not be able to be multiplexed with the proposed LPG-based
ammonia breath sensor, in addition to their inherent humidity sensitivity.
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2.2 Optical techniques
Optical techniques can be broadly separated into two approaches; direct absorption,
or transduction (sensing a change in an intermediate functional material caused
by the analyte rather than assessing the analyte directly). The former approach,
with careful design, provides a highly specific sensor that experiences negligible cross
sensitivity with other gaseous species, far surpassing that of non-optical methods [36].
However, these devices are difficult to miniaturise and tend to be more expensive
[11]. Optical techniques that utilise transduction can be easily adapted by changing
the functional material thereby allowing the sensors’ characteristics to be tailored to
specific requirements. Nevertheless, this intermediate material is often vulnerable to
cross-sensitivity.
2.2.1 Non-dispersive infrared
Non-dispersive infrared (NDIR) CO2 sensors are the most mature of the detection
techniques and have been implemented in various environments from assessing CO2
in livestock buildings [37] to capnography [38]. The basic operating principle of
NDIR relies on the absorption strength of mid-IR radiation to determine the gas
concentration of CO2 as it demonstrates strong absorption in this region (∼4.2 µm)
[39]. A schematic of a simple linear NDIR sensor can be seen in Fig. 2.5. Typically,
an NDIR device consists of a broadband source (e.g. microbulb), cavity, and a
dual-channelled detector (active and reference). Optical filters are placed over the
detectors, one covering a narrow absorption band specific to CO2 (active channel)
and the other pertaining to a neighbouring wavelength range distinct from the one
used on the active channel (reference channel). By carefully selecting the filter’s
transmission wavelength, it is possible to avoid cross-sensitivity with other gases [40].
Quantification of CO2 concentration is governed by the Beer-Lambert law which can
be expressed as [41],
A(λ) = σ(λ)CL (2.2)
in this case A(λ) is absorbance, L is the optical path length, σ(λ) is the gas absorption
coefficient in standard state and C is the gas concentration in parts per volume. In
comparison to other optical techniques, NDIR sensors are low cost and require only a
few components allowing compact designs to be manufactured [40]. However, further
reductions in size are desired. Miniaturisation of NDIR sensors is difficult due to the
path length sensitivity of these devices (as can be seen in Equation 2.2). Nevertheless,
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Figure 2.5: Diagram of a simple linear NDIR CO2 gas sensor [40]
novel designs have been realised which conform to industry standard gas sensor
dimensions (20 mm diameter x 16.5 mm) while achieving a limit of detection of 1
ppm [40].
The sensitivity dependence on path length allows devices to be tailored for certain
concentration levels, where shorter path lengths (20 mm) are suited for higher
concentrations (5 - 100%) while longer path lengths (70 mm) allow for more accurate
detection at lower concentrations (200 - 50,000 ppm) [42]. NDIR based CO2 sensors
which have been compactly designed (limiting path length) show higher LoD (1
ppm with a response time of 23 s [40]) than physically larger NDIR devices. In
contrast, by using the bigger (length = 10 cm) sensors, it is possible to obtain a
LoD of 0.007 ppm with a response time of ∼2 min [39]. Regardless of physical size,
NDIR CO2 sensors using the CO2 absorption band at 4.2 µm demonstrate negligible
cross-sensitivity with other gases or water vapour [42].
2.2.2 Tuneable diode laser absorption spectroscopy
Gas absorption measurement using tuneable diode laser spectroscopy (TDLAS) is
achieved by scanning the output of a tuneable diode laser across the target gas line
and subtracting the resulting signal from a zero reference measurement over the
same range [43]. Tuning the diode’s emission is accomplished by ramping the input
current or by varying the temperature of the laser, where typically these sources
have a narrow linewidth (usually 20 - 25 MHz) and a small tuning wavelength range.
Diode lasers are available in various wavelength ranges in the infrared, mid-infrared
and red visible regions [44].
The simplest method for measuring gas concentrations using TDLAS is via direct
absorption. This technique involves the swept source undergoing a single pass through
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the sample gas contained in a gas cell prior to reaching the detector. Although
straight forward, this technique suffers from poor sensitivity when analysing low
concentrations due to the difficulty in extracting the small absorption signal from
background noise [43]. One technique to improve this is to use wavelength modulation
spectroscopy where the emission wavelength is modulated sinusoidally over the
absorption line and gas is detected by the harmonic spectrum obtained from a lock-in
amplifier [36].
Another strategy to improve the sensitivity of TDLAS is to use a multi-pass gas
cell, such as a Herriott or White cell (Fig. 2.6 (a) and (b) respectively). These cells
typically consist of two or more mirrors which reflect the incident beam multiple times,
increasing the optical path length that contains the stable gas sample. Using these
devices path lengths of 56 m have been accomplished during CO2 isotope detection
[45]. However, multi-pass gas cells require precise alignment to operate effectively,
thus limiting their commercial applications. In contrast, integrating spheres are able
to tolerate such misalignment. Integrating spheres are spherical cavities constructed
of materials which possess high diffuse reflectivity with two or more ports for sources
and detectors (Fig. 2.6 (d)) [46]. The indecent beam is initially scattered upon
hitting the internal sphere wall and reflected round the cavity, increasing the optical
path length; although not to the same distances as other multi-pass cells [36]. It is
this spherically diffuse reflective surface that permits high alignment tolerances, as
following the initial beam strike in the cavity, uniform irradiance over the surface
is achieved within a few passes [47]. Hawe et al. [48] utilised a 50 mm integrating
sphere for the successful detection of CO2 in a concentration range between 7% and
100%
Longer optical path lengths have been achieved through use of cavity ringdown
spectroscopy (CRDS). Using a high finesse cavity (typically containing mirrors with
reflectivity >99.99%), light enters the cavity through a partial mirror and is allowed
to build-up over time while being monitored by an external photo-detector behind a
second partial mirror (Fig. 2.6 (c)). Once a sufficient intensity has been achieved,
the source is interrupted and the slow intensity decay (caused by cavity mirrors
with less than 100% reflectivity and slight mirror misalignments) is tracked. If a
sample gas is present within the cavity, the intensity decays more rapidly [49]. The
advantages of CRDS are that this technique is insensitive to fluctuations in source
power, as measurements are based on relative decay. Additionally, the thousands of
reflections inside the cavity provide CRDS with optical path lengths of kilometres [36].
However, the cavity mirrors must remain completely clear of surface contamination for
maintained performance. In terms of CO2 sensing, CRDS can detect concentrations
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Figure 2.6: Examples of commonly used gas cells and cavity enhancement techniques for improving
absorption sensitivity: (a) Herriott cell; (b) White cell; (c) Cavity ringdown spectroscopy and; (d)
Integrating spheres
of 100 ppb with a response time of 5 s [49].
2.2.3 Fibre optics
Optical fibres are able to carry data of over large distances (kms) with minimal
losses (0.2 dB·km−1 in single mode fibre) [50]. In terms of gas sensing, this ability
to carry data has been exploited through the multiplexing of gas cells allowing a
single, expensive source to be shared among numerous cells, reducing the overall
cost per sensor head [36]. However, optical fibres can also be adapted in order to
serve as the transducer element for sensing purposes rather than just acting as data
conduits. This can be achieved by various means (see [51] for a review of fibre sensor
technologies). However, only techniques pertinent to CO2 sensing are outlined in the
subsequent section.
Although fibre optic CO2 sensors are not currently commercially available, various
schemes and technologies have been investigated. Fig. 2.7 depicts a number of
techniques used to adapt optical fibres for the purpose of CO2 gas sensing. These
modulation techniques either operate through evanescent fields interacting with the
surrounding environment (Fig. 2.7 (a), (c), (d)) or via a change in optical path
length (Fig. 2.7 (b)) to distinguish CO2 concentrations. The sensitive coatings
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depicted in Fig. 2.7 interact with the gaseous CO2 producing either a significant
colour change [52] or a shift in refractive index [53, 54, 55, 56] which is detected by the
aforementioned schemes. In order to recognise these changes, optical fibre based CO2
sensors generally require a source (broadband emission, laser) and an interrogation
system (OSA, spectrophotometer). Additionally, optical fibre CO2 sensors, like
the majority of fibre-based sensors, are able to access remote and hard-to-reach
environments which would not be achievable for other device forms. Additionally,
depending on the modulation technique used, it is possible to multiplex a number of
sensor elements thus allowing numerous sites to be monitored via the same fibre [55].
core
cladding
CO2 sensitive material(a) (b)
(c) (d)
Evanescent field
Figure 2.7: Various techniques that have been employed in CO2 sensors to cause light propagating
in the core to interact with the surrounding environment: (a) LPG [54]; (b) extrinsic Fabry-Perot
cavity [53]; (c) FBG [55] and; (d) etched cladding [52]. All the examples here use a material which
demonstrates CO2 sensitivity and the subsequent change in coating upon exposure to CO2 is sensed
by the interacting light
Optical fibre devices tested at lower CO2 concentrations (200 - 4000 ppm) typically
showed response times between 2 - 3 min with an estimated limit of detection of
75 ppm [52, 55]. Fibre optic CO2 sensors assessed in higher concentration ranges
(7.6 - 87%) demonstrated response times of 0.5 - 1 min with resolutions of 200
pm·%CO−12 [53]. Typically, response times of fibre-based CO2 sensors are limited by
the performance of the CO2 sensitive material (CO2 affinity, CO2 absorption/diffusion
rate) applied to the device, as the majority of fibre technologies utilise interrogation
methods that operate at speeds <1 s. However, the necessary use of CO2 sensitive
coating materials often causes cross-sensitivity with water vapour [53] or other
gaseous species [52].
LPG-based CO2 sensors are of particular interest to this project, as this fibre
transduction method would provide the simplest means of multiplexing with the
ammonia breath sensor (thought the utilisation of the same source and interrogator).
Minimal research has been previously conducted on utilising this technology for CO2
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sensing [54, 56]. These devices were used to detect CO2 concentrations of 500 - 40000
ppm [56] and 25 - 100% CO2 [54] by employing metal organic framework (MOFs)
and polystyrene cladding depositions, respectively, both demonstrating response
times of 1 - 2 min. Furthermore, similar to other fibre-based schemes, the coating
of these sensors displayed cross-sensitivity to ambient humidity. Since there are a
number of CO2 sensitive materials available (as described in Section 4.2) that have
not been applied to LPGs, there is scope to produce an LPG-based CO2 sensor that
uses a novel coating material that could improve on the sensing performance noted
in [54, 56].
2.2.4 Summary of optical techniques
Direct spectroscopic techniques, such as NDIR and TDLS, offer superior CO2 detec-
tion specificity and sensitivity in comparison to non-optical methods. Nevertheless,
this enhanced performance is obtained at the cost of miniaturisation and a greater fin-
ancial burden. Optical fibre derived CO2 sensors on the other hand, are dimensionally
small (diameters below 1 mm) and can possess multiple sensors on a single fibre array.
Concentrations in the ppm range have been detected with these sensors, however,
the transduction method relies on a form of CO2 sensitive material that increases
response times and demonstrates cross-sensitivity. Nonetheless, a fibre-based CO2
sensor would be most appropriate for the current work due to their ability to be
multiplexed.
2.3 Summary and conclusions
This chapter has outlined techniques which are currently used for detecting gaseous
CO2. Non-optical methods demonstrate a durable, cost-effective solution for de-
termining CO2 concentrations albeit with issues of cross-sensitivity. Optical-based
sensors posses the selectivity and sensitivity not presently obtainable in their non-
optical counterparts, yet this increased performance comes with a larger financial
cost. Table 2.2 summarises the important aspects of each technique described in
Sections 2.1 and 2.2.
This literature review has highlighted that the CO2 sensor market is saturated.
However, fibre optic-based sensors demonstrate the greatest potential for this project
since they can be multiplexed with other fibre sensors and share a single interrogation
unit and source. Additionally, since the CO2 sensor is intended to be integrated with
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an LPG sensor, it is practical that this sensor should also utilise this method of fibre
transduction. Although a number of LPG-based CO2 sensors have been previously
developed through the application of varying sensitive coatings, these devices do not
possess the require response times demanded of breath analysis. Nevertheless, the
limiting factor in these sensors is the functional deposition and not the underlying
optical technique. Therefore, through the utilisation of a novel coating material that
shows a faster response/recovery time (<1 s) and does not demonstrate a humidity
response, it could be possible to create a fibre-based CO2 sensor that would be ideally
suited for breath analysis.
24 Chapter 2. Carbon dioxide detection methods
Table 2.2: Comparison of existing CO2 sensor technologies. Abbreviations: Metal oxide semi-
conductors (MOSs), Solid electrolyte potentiometers (SEPs), Field effect transistors (FETs),
Non-dispersive infrared (NDIR), Tuneable diode laser absorption spectroscopy (TDLAS), Limit of
detection (LoD), Response time (RT), Advantage (+), Disadvantage (−)
Technique LoD RT Comments
Non-optical
MOSs 500 ppm ∼1 min (+) Cheap and easy to produce
[15, 16, 17, 18] (+) Long sensor life
(−) High operating temperature
(−) Cross-sensitivity to humidity and
other gases
FETs 500 ppm <5s (+) Operate at room temperature
[22] (+) Various materials can be applied
adapting selectivity and sensitivity
SEPs 100 ppm <2 min (+) High sensitivity
[32, 33] (−) Suffers humidity degradation
(−) Cross-sensitivity
(−) Short operating life (1-3 yrs)
Optical
NDIR 7 ppb <1 s (+) Highly sensitive
[39, 40, 42] (+) Fast response time
(+) Long-term stability
(+) Minimal humidity cross-sensitivity
(−) Can be affected by particulates in
the beam path
(−) Expensive in comparison to FETs
and MOS sensors
TDLAS 100 ppb <5 s (+) CO2 specific through appropriate
choice of laser diode
[49, 48] (+) Highly sensitive
(+) Fast response times
(−) Affected by temperature fluctu-
ations and vibration
(−) Gas cell systems require regular
maintenance for optimum performance
Fibre optics 75 ppm ∼1 min (+) Deployable in hard-to-reach areas
[52, 55, 56] (+) Potential for multiplexing
(−) Fragile without suitable packaging
(−) Rely on coating for CO2 detection -
degradable, requires refreshing
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Chapter 3
Long period gratings: Theory and
fabrication
It was highlighted in Chapter 2 that LPGs would be the most suitable sensing
platform for this project. Therefore a review of this technology is warranted.
First proposed by Vengsarkar et al. [1] in 1996, LPGs have gained considerable
interest over the past two decades, where these in-fibre gratings have been utilised,
not just for fibre sensing, but also as band rejection filters [1] and optical switches [2].
Nevertheless, this chapter will apply particular emphasis on the sensing applications
of LPGs in order to provide a foundation for the subsequent experimental work
outlined in this thesis. Initially, a description of the basic theory of light propagation
in an optical fibre and the fundamental properties of an LPG will be presented.
Additionally, the numerical modelling of LPGs will be described, followed by a
discussion on the sensitivity of LPGs to environmental perturbation and a review of
the various methods that have been implemented for their fabrication. Finally, a
review of multi-parameter sensing using LPGs will be provided.
3.1 Principle of optical fibre operation
Optical fibres operate through the propagation of modes, which are self-consistent
electromagnetic waves that propagate energy in a waveguide [3]. Using ray theory, it
is possible to glean a mechanistic understanding of modal propagation in an optical
fibre.
Fig. 3.1 shows a typical design of a step index fibre where the high refractive index
core (n1) is surrounded by cladding (n2) with a lower index. The difference in
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Figure 3.1: Typical structure of a step-index optical fibre with accompanying refractive index
profile highlighting the difference in refractive index between core and cladding.
refractive index at the core-cladding dielectric boundary confines the ray inside the
fibre on the condition that the angle of the incident between the two media is greater
than the critical angle (θc) of the fibre, where θc is defined as θc = sin−1(n2/n1)
[4]. Certain optical fibres, termed multi-mode, are able to support numerous modes
(Fig. 3.2a) depending on the wavelength of the incident beam and the fibre’s physical
parameters (core radius, n1 and n2). Although multi-mode fibre allows for more
efficient coupling (large core radius and numerical aperture), this type of waveguide
suffers from modal dispersion causing pulses of light to spread due to the higher
order modes travelling slower than their lower order counterparts.
cladding
core
(a) Multi-mode fibre
cladding
core
(b) Single-mode fibre
Figure 3.2: Geometrical comparison between multi-mode (a) and single-mode (b) fibre highlighting
the ray propagation in each instance. Single-mode fibre allows only the fundamental mode to
propagate where as multi-mode can support numerous modes of varying orders. Adapted from [5]
Utilisation of single-mode optical fibre, which possess a small core radius (in the
region of a few micrometers), allows core propagation of only a single, fundamental
mode at wavelengths above the fibre’s cut-off frequency (Fig. 3.2b), consequently
removing the issue of modal dispersion. To gain a more detailed understanding
of the propagation characteristics in a single-mode fibre, Maxwell’s equations and
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appropriate boundary conditions must be employed [6].
A brief description of the pertinent aspects of the propagation of electromagnetic
radiation in optical fibres is provided below. Numerous sources are available in which
a detailed explanation and full derivation can be found [3, 6, 5]. Since optical fibres
possess cylindrical symmetry, it is convenient to represent the wave equation using
the cylindrical coordinate system. As we are concerned with the propagation of light
along the fibre’s axis (z-component), the wave equation can be expressed in terms of
the axial components of the electric (Ez) and magnetic fields (Hz), taking the form
[3],
∂2ψ
∂r2
+ 1
r
∂ψ
∂r
+ (k2 − β2 − 1
r2
)ψ = 0, (3.1)
where ψ = Ez, Hz, r is the radial coordinate, β is the propagation constant, k =
ω2n2/c, where in this case c is the speed of light in free space and ω is the angular
frequency = 2pif , with f indicating frequency. Solutions to Equation 3.1 provide
discrete values of β dependant on the wavelength of light and the physical parameters
of the optical fibre given by,
β = ωneff
c
= 2pineff
λ0
, (3.2)
where neff is the effective refractive index of the waveguide and λ0 is the wavelength
in free space. The discrete β values of modes propagating in the core are confined to
n2k0 < |β| < n1k0 where k0 is the propagation constant of free space and is defined
as k0 = 2pi/λ [7]. In addition to core modes, radiation modes are also solutions to
the wave equation. These non-propagating modes cause a continual loss of power
from the core when the refractive index of the environment surrounding the fibre
(n3) is greater than that of the cladding; however, if n3 < n2 (e.g. when the medium
surrounding the cladding is air) these radiation modes, termed cladding modes, are
bound to the cladding and are able to propagate within this region with discrete
propagation constants confined to, n3k0 < |β| < n2k0 [8, 9]. It is possible for energy
transfer to occur between core and cladding modes if their associated electric fields
overlap. Utilising suitable modulation to the fibre’s physical parameters allows phase
matching of the electric fields to occur and is the basic principle of operation for
LPGs [10].
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3.2 Long period gratings
LPGs are formed of periodic refractive index perturbations in the core of the optical
fibre with a typical periodicity between 100 - 1000 µm [11]. A standard LPG consists
of a single element with a uniform period for the entire length of the grating (Fig. 3.3).
These in-fibre phase gratings cause the core mode of the fibre to interact with a set
of forward propagating cladding modes.
Cladding
Core
Λ
Figure 3.3: A uniform LPG with period Λ, where dark sections indicate refractive index perturb-
ations. Adapted from [12]
However, cladding modes are more susceptible than the core mode to extinction
through losses created by scattering, bending, and the refractive index of materials
surrounding the cladding, and are therefore rapidly attenuated [13]. As a result,
distinct attenuation bands are visible in the transmission spectrum centred at
particular wavelengths governed by the phase matching expression [14],
λ(x) =
(ncore − nclad(x))Λ
N
, (3.3)
where λ(x) is the central wavelength of the attenuation band, ncore is the effective
refractive index of the mode propagating in the core, nclad(x) is the effective refractive
index xth radial cladding mode, Λ is the period of the grating, and N = 1, 2, 3 . . . is
the order of diffraction. An example of a typical transmission spectrum can be seen
in Fig. 3.4.
The transmission loss, Ti, of the resonance bands in an LPG spectrum is dependent
on the strength of the coupling constant and the grating length [15].
Ti = 1− sin2(κiLg), (3.4)
where κi is the coupling constant for ith mode and Lg is the length of the grating.
The coupling constant κi is a function of the overlap integral of the core and cladding
modes and also the amplitude of the refractive index modulation [11].
3.3. Numerical analysis of long period gratings 35
650 700 750 800 850 900
Wavelength (nm)
60
65
70
75
80
85
90
95
100
T
ra
n
sm
is
si
on
(%
)
Figure 3.4: The transmission spectrum of a LPG of 40 mm length and period 160 µm.
3.3 Numerical analysis of long period gratings
Accurate prediction of the resonance bands’ central wavelengths is essential for
determining the period needed to produce an LPG with the desired spectral features.
There are two broad mathematical approaches that are used to describe the behaviour
of an LPG. The first method, and the simplest, considers the fibre in two layers where
the cladding modes are calculated using only the parameters of the cladding and
surrounding environment [16]. This approach is based on a number of assumptions:
the core is neglected on the basis it is dimensionally small relative to the cladding
and the majority of the cladding mode profile propagates in the cladding; the grating
has a uniform period; the refractive index profile has circular symmetry; the induced
index modulation is small; and the waveguide is considered weakly guiding [9]. Under
the conditions of weak guidance, the modes are linearly polarised in the transverse
field and are termed LPvj modes (where v and j represent azimuthal and radial order
respectively) on the assumption ∆ 1, where [16]
∆ = ncore − nclad
ncore
. (3.5)
Although this approach allows for rapid calculation of dispersion curves, in reality
there is a significant overlap between core and cladding modal fields, as such, the
presence of the core has a significant influence on the cladding mode properties thus
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this method is more appropriate for qualitative analysis .
The second method involves the use of a three-layer system. This approach is
correspondingly more complex than the two-layer system and takes the core, cladding
and surrounding environment into consideration. A general three-layer numerical
method for calculating transmittance of UV-induced gratings without azimuthal field
variations in step-index fibres is extensively described in [13]. However, alternative
methods to UV irradiation for fabricating LPGs (see section 3.5) have been shown
not to produce a uniform change in cross sectional refractive index, as such, have an
azimuthal dependence. Through the use of the transfer matrix method, Anemogiannis
et al. [17] showed that it is possible to simulate LPG structures with azimuthal and
radial refractive index variations. Additionally, this generalised model can be used
to describe the behaviour of an LPG with an overlay applied to the cladding surface
[18].
The accuracy of the numerical model is highly dependant upon the waveguide
parameters (core/cladding refractive indices and radii). In commonly used optical
fibre (e.g. SMF28), the manufacturing process is highly repeatable and therefore these
parameters are known to a sufficient level of accuracy to allow accurate modelling of
the resonance features. However, in more specialist fibre (e.g. PS750) this is not the
case and thus resulting in a disparity between modelled and empirical data (this is
further discussed in Chapter 5).
All numeric modelling undertaken in this thesis was based upon the methods outlined
in [17], and therefore a comprehensive description can be found below.
3.3.1 Formulation
The LP approximation was applied to a cylindrical dielectric waveguide where the
validity of the approximation is still appropriate for lower orders even where the
refractive index difference between the cladding and ambient air is non-negligible.
Propagating along the z-axis, the transverse electric field component for LPvj mode
is given by [17],
Uvj,i(r, φ, z) = exp(−jβvjz)Ψvj,i(r, φ) = exp(−jβvjz)Φv(φ)Rvj,i(r)
= exp(−jβvjz)
 cos(vφ)sin(vφ)

×
Avj,iJv(rγvj,i) +Bvj,iYv(rγvj,i)Avj,iIv(rγvj,i) +Bvj,iKv(rγvj,i)
 when βvj < k0niwhen βvj > k0ni
(3.6)
3.3. Numerical analysis of long period gratings 37
where βvj is the longitudinal propagation constant of mode LPvj, γvj,i =
√
|k20n2i − β2vj|
is the magnitude of the transverse wavenumber, φ is the azimuthal angle and Avj,i
and Bvj,i are arbitrary field coefficients within each cylindrical layer, i. Jv(rγvj,i) and
Yv(rγvj,i) are the ordinary Bessel functions of the first and second kind of order v,
and Iv(rγvj,i) and Kv(rγvj,i) are the modified Bessel functions of the first and second
kind of order v with v being a non-negative integer.
In order to determine the propagation constants for LP modes, the transfer matrix
formula was applied. The radial field for an LPvj mode is written as
Rvj,i(r) = Avj,iCv(rγvj,i) +Bvj,iDv(rγvj,i)
=
Avj,iJv(rγvj,i) +Bvj,iYv(rγvj,i)Avj,iIv(rγvj,i) +Bvj,iKv(rγvj,i)
 when βvj < k0niwhen βvj > k0ni
(3.7)
where Cv and Dv are either ordinary or modified Bessel functions depending on
which fibre region the propagating mode is confined to. Continuity of tangential
fields across the interface of two consecutive cylindrical layers must be applied so
that R and dR
dr
are equivalent at radius r = ri satisfying the equations,
Rvj,i = Rvj,i+1
⇒ Avj,iCv(riγvj,i) +Bvj,iDv(riγvj,i)
= Avj,i+1Cv(riγvj,i+1) +Bvj,i+1Dv(riγvj,i+1)
(3.8)
and
dRvj,i(ri)
dr
= dRvj,i+1(ri)
dr
⇒ γvj,i[Avj,iC ′v(riγvj,i) +Bvj,iD′v(riγvj,i)]
= γvj,i+1[Avj,i+1C
′
v(riγvj,i+1) +Bvj,i+1D
′
v(riγvj,i+1)],
(3.9)
where C ′v and D′v denote derivatives with respect to r. The matrix equation for a
single homogeneous cylindrical layer is derived through solution of Equations 3.8
and 3.9 and is written as,
Avj,i
Bvj,i
 =
mi,i+111 (βvj)Qi mi,i+112 (βvj)Qi
mi,i+121 (βvj)
Qi
mi,i+122 (βvj)
Qi
Avj,i+1
Bvj,i+1

= Mi,i+i
Ai+1
Bi+1,

(3.10)
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where the elements of the matrix, Mi,i+i and Qi are defined as,
mi,i+111 (βvj) = γvj,iD′v(riγvj,i)Cv(riγvj,i+1)− γvj,i+1Dv(riγvj,i)C ′v(riγvj,i+1)
mi,i+112 (βvj) = γvj,iD′v(riγvj,i)Dv(riγvj,i+1)− γvj,i+1Dv(riγvj,i)D′v(riγvj,i+1)
mi,i+121 (βvj) = γvj,i+1Cv(riγvj,i)C ′v(riγvj,i+1)− γvj,iC ′v(riγvj,i)Cv(riγvj,i+1)
mi,i+122 (βvj) = γvj,i+1Cv(riγvj,i)D′v(riγvj,i+1)− γvj,iC ′v(riγvj,i)Dv(riγvj,i+1)
Qi =

2
piri
when βvj < k0ni
−1
ri
when βvj > k0ni.
(3.11)
The global matrix that relates the inner layer, i = 1 (core), to the outermost ambient
layer, i = N + 1, can be expressed asAvj,1
Bvj,1
 = M1,2M2,3 · · ·MN,N+1
Avj,N+1
Bvj,N+1.
 (3.12)
Thus for a three layer waveguideAvj,1
Bvj,1
 = M1,2M2,3
Avj,3
Bvj,3.
 (3.13)
For finite fields, the coefficients Avj,N+1 and Bvj,1 must be zero, therefore the propaga-
tion constants, βvj, of the waveguide for a particular azimuthal number, v, can be
determined by satisfying the following condition,
m1,N+122 (βvj) = 0 (3.14)
where the solutions can be obtained through use of a root solving algorithm (e.g.
bisection method).
Table 3.1: PS750 fibre parameters used in the generation of phase matching curves. Data obtained
from [12]
Parameter Value
Core radius (µm) 2.0
Cladding radius (µm) 62.6
Core refractive index 1.4533
Cladding refractive index 1.4583
Ambient refractive index 1.0003
Cut-off wavelength (nm) 650
Obtaining the propagation constants allows the effective refractive index of the core
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and cladding modes to be deduced for a specific wavelength. Solving Equation 3.3
with the calculated effective refractive indices allows phase matching curves to be
calculated (Fig. 3.5). The curves were generated using a Python script (Appendix A)
applying parameters of Fibercore PS750 (photosensitive fibre doped with B-Ge) which
were used to guide the fabrication of all the LPGs utilised in this thesis (Table 3.1).
It can be seen in Fig. 3.5 that the wavelength at which cladding modes are coupled
to depend on the period of the LPG. Furthermore, coupling to higher order modes
can be achieved through the use of shorter periods and that the resonance bands
associated with these modes display a greater wavelength sensitivity to variations in
period (as noted by the reduced gradients) than lower order cladding modes.
LP20
LP19
LP18
LP17
LP16
LP15
LP14
LP13
Figure 3.5: Calculated phase matching curves for cladding modes LP13 - LP20 in PS750 optical
fibre
3.4 Long period grating sensitivity characteristics
LPGs are ideally suited as sensing elements due to their innate sensitivity to various
physical perturbations such as temperature, strain, bending, and changes in sur-
rounding refractive index. Alteration in one or more of these parameters induces
a response in the transmission spectrum via a wavelength shift or a change in the
extinction of the resonance bands. Whilst both responses can be used for sensing,
wavelength change is an absolute measure and thus preferable, whereas intensity
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tracking is susceptible to fluctuations in light source power and connection losses
[19].
Although the ability of LPGs to respond to multiple measurands makes them suitable
for a multitude of sensing applications, they do, however, require additional considera-
tions in order minimise cross sensitivity. Indeed, various methods have been proposed
to desensitise the LPG to a particular measurand while maintaining sensitivity to the
parameter of interest e.g. use of expensive temperature insensitive photonic crystal
fibre (PCF) [20] or hybrid FBG/LPG sensing system [21]. Alternatively, appropriate
choice of LPG parameters (period, amplitude of refractive index change) and suitable
interrogation techniques can be employed to discriminate between different physical
parameter mediated resonance band responses.
3.4.1 Temperature sensitivity
The temperature sensitivity of LPGs manifests itself in the form of a spectral shift
displayed by the resonance bands. To understand the root of temperature sensitivity,
it is necessary to differentiate the phase matching expression (Equation 3.3) with
respect to temperature, T , [22],
dλ
dT
= dλ
d(δneff )
d(δneff )
T
+ Λ dλ
dΛ
1
Lg
dLg
dT
, (3.15)
where δneff is the differential effective index between core and cladding modes.
Temperature sensitivity exhibited by LPGs is comprised of material and waveguide
contributions which are the first and second terms on the right-hand side of Equa-
tion 3.15 respectively. The former is related to the change in refractive index of
the core and cladding through the thermo-optic effect and arises due to the fibre’s
composition. This change is also dependent on modal order where the response of
lower order modes are greatly dominated by the material contribution while higher
order modes are negligibly affected [22]. The waveguide contribution is dependent
on the variation in the period caused by thermal expansion/contraction of the core
material, and thus, the magnitude and sign of wavelength shifts mediated through
temperature responses are dependent upon the cladding mode order [7]. For gratings
with period <100 µm the resonance band responds with a positive shift whereas
LPGs with periods greater than this show a negative spectral change [23].
With careful consideration of the factors affecting temperature sensitivity, it is possible
to fabricate LPGs which are able to respond with positive and negative wavelength
shifts. Typically, the temperature response of LPGs is linear with each cladding mode
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displaying a different thermal coefficient (Fig. 3.6). Additionally it can be seen from
Fig. 3.6 that LPGs display a larger temperature sensitivity than Bragg gratings. It
Figure 3.6: The attenuation bands, A-D, of an LPG with period 280 µm show a linear response
to changes in temperature. E corresponds to the temperature response of a Bragg grating. Taken
from [7]
has been previously shown that it is possible to suppress the temperature sensitivity of
LPGs to 0.002 nm·◦C−1 by adjusting the dopant concentrations of GeO2 and B2O3 in
the composition of the fibre [24]. In addition to altering the fibre’s composition, it also
possible to minimise an LPGs temperature sensitivity by applying a suitable material
to the cladding of the fibre [24]. The temperature compensation is achieved through
the utilisation of an LPGs susceptibility to variations in surrounding refractive
index (discussed further in Section 3.4.3). If the fibre displays a blue shift (negative
shift) to a temperature increase produced by its composition then application of a
coating material that induces a red shift under the same temperature change can
be used to compensate for the thermal mediated spectral transformation. Finally,
it is possible to fabricate LPG sensors in relatively temperature insensitive PCF,
therefore removing the need for additional compensatory schemes or discriminatory
techniques [25].
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3.4.2 Strain sensitivity
Similarly to temperature sensitivity of LPGs, axial strain, , induced effects are de-
pendent on both material and waveguide contributions. Differentiating Equation 3.3
with respect to strain the following expression is obtained [22],
dλ
d
= dλ
d(δneff )
d(δneff )
d
+ Λ dλ
dΛ , (3.16)
The first term on the right-hand side is the material contribution. Axial strain on
the fibre changes the core and cladding refractive indices through the strain-optic
effect. Additionally, unlike temperature sensitivity, the radii significantly contributes
to material effects as the applied strain reduces the core and cladding’s transverse
dimensions. The second term on the right-hand side describes the waveguide effect,
where its contribution arises from the gradient of the dispersion term and is dependent
on the period and the cladding mode order [22]. Typically, strain-induced wavelength
changes elicit a linear response from attenuation bands with each cladding mode
possessing a different coefficient. For LPGs with periods >100 µm, the waveguide
effect is positive while material contribution is negative [11]. It is therefore possible,
with suitable choice of fibre composition and grating periodicity, to fabricate LPGs
with resonance bands that respond to the application of axial strain with positive,
negative or zero shifts in wavelength.
The response of different modes can be seen in Fig. 3.7 where each attenuation band
provided a different response. Interestingly, the resonance band corresponding to
LP05 displayed a negligible wavelength change to the application of strain. This
ability of certain resonance bands not to produce a wavelength shifts opens up
the possibility for multi-parameter sensing (discussed in Section 3.7) through the
isolation of the desired measurand. LPGs with appropriate parameter selection
typically demonstrate greater sensitivity than FBGs with sensitivities in the region
of 2.2 pm·µ−1 [11].
3.4.3 Refractive index sensitivity
The origins of an LPG’s sensitivity to changes in the surrounding refractive index
derives from the dependence of the phase matching condition on the effective refractive
index of the cladding. Since this is a function of the the cladding and surrounding
refractive indices, any change in the latter can have a significant effect on the
coupling wavelength through the phase matching expression. The change in coupling
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Figure 3.7: The response of resonance bands LP02 to LP07 to the application of axial strain. The
uniform LPG with a period of 400 µm was written in Fibrecore PS750. Taken from [12]
wavelength produced by a change in ambient refractive index can be given by,
dλ
dn3
= dλ
dnclad
dnclad
dn3
, (3.17)
where n3 is the surrounding refractive index and nclad is the effective refractive index
of the cladding. The expression for refractive index sensitivity is simpler than for
temperature and strain due to the grating remaining unchanged under the influence
of any ambient refractive index disturbance ( dΛ
dn3
= 0) [7]. Ambient refractive index
mediated variations in resonance band central wavelengths are modal dependent,
where higher order modes generally display greater sensitivity to perturbations [26].
This susceptibility of higher order modes is due to a larger part of the field interacting
with surrounding environment. As such, it is possible to tailor the sensitivity of an
LPG through the use of shorter periods in order to couple to these higher-order modes.
As the ambient refractive index approaches that of the cladding, the magnitude of the
wavelength shifts experienced by the attenuation bands is increased in a non-linear
fashion (Fig. 3.8). Once n3 = n2, the cladding appears to become infinite, losing its
ability to support discrete modes resulting in the disappearance of the resonance
features [11].
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Figure 3.8: Spectral response as a function of external refractive index for an attenuation band of
an LPG with period 400 µm. Taken from [11]
This sensitivity to fluctuations in surrounding refractive index has been widely
exploited in the literature to demonstrate sensors for determining liquid-level [27],
antifreeze concentration [28] and xylene/heptane ratios [29].
3.4.4 Coating deposition on LPGs
The ability of LPGs to respond to refractive index variations from changes in
concentrations has allowed these devices to be exploited as chemical sensors [30, 31, 32]
(see Section 3.4.3). However, these sensors are not chemical specific, as such, observed
changes in refractive index could be induced by sources other than that of the target
substance. Additionally, these devices are also limited to solutions with a refractive
index lower than that of the cladding (as can be noted by the minimal wavelength
shift for RI > 1.458 in Fig. 3.8). Nevertheless, it is possible to overcome these
restrictions through the deposition of a coating to the cladding of the LPG.
The application of a thin-film overlay to the surface of an LPG causes a shift in
central wavelengths of the resonance features [33]. If the coating possess a refractive
index greater than that of the cladding, as the thickness of the deposition increases
and reaches a certain dimension, cladding modes will begin to be guided by the
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overlay material [34]. At this mode transition region, cladding modes undergo a
reorganisation with a rapid change in modal effective indices where higher order
modes adopt the effective index of the adjoining lower order mode (Fig. 3.9) [35].
This transformation in modal effective indices equates to a rapid change in the
central wavelength of each attenuation band. At this point, the effective refractive
index of the overlay contains a large imaginary part, reducing the coupling efficiency
between core and cladding modes and causing the resonance features to disappear.
Increasing the overlay thickness past this region completes the modal reorganisation,
re-establishing coupling efficiency and restoring extinction losses in the resonance
features [18, 35]. Therefore, to produce a sensor with the greatest sensitivity to
changes in the surrounding medium, an appropriate coating thickness which lies in
the mode transition region should be selected.
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Figure 3.9: The effect of overlay thickness on effective indices of LP modes. Taken from [18]
Coated LPGs have been used extensively for chemical and biological sensors [31,
32, 36, 37] where the overlay has been applied to improve sensitivity and selectivity
for the measurand of interest. Typically, coatings can be categorised into either
chemical-specific or non-specific coatings.
Non-specific coatings do not react with a particular analyte but rather increase
the sensitivity of the LPG through utilisation of the mode transition region. This
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scheme has the advantage that the overlays generally do not require refreshing or
become poisoned over time through extended exposure or contamination. However,
non-specific coatings do not offer selectivity, consequently, an observed response in
the device may be due to a competing factor or a combination of factors. Passively
coated LPGs have been utilised to augment the distinction between pure gaseous
nitrogen and CO2 [38]. Besides chemical sensing, non-specific coatings may also be
used to package an LPG in order to provide temperature insensitivity [24].
Chemical-specific coatings, unlike their non-specific counterparts, provide selectivity
in addition to increased sensitivity. Typically, the deposition aims to interact
explicitly with the target molecule, often through chemical binding, mediating a
refractive index change in the coating. Similar to non-specific coatings, chemical-
specific coatings can also tailored to an appropriate thickness to allow access to
the sensitive mode transition region [39]. Although an increased selectivity can be
gained through the use of chemical-specific coatings, they are, however, prone to a
diminishing response and may require refreshing to maintain their initial sensitivity
[32]. Furthermore, despite improved selectivity in comparison to LPGs with non-
specific coatings, achieving complete specificity for the target molecule with an
chemical-specific coating is difficult. Using LPGs with a specific coating, it has been
possible to detect concentrations of ammonia to 0.14 ppm [32], chloroform to 5 ppm
[30] and toluene to ∼100 ppm [31].
3.4.5 Summary of sensitivity characteristics
The sensitivity of LPGs to physical parameters derives from the dependence of the
phase matching expression on the changes in the grating’s period and the fibre’s
optical properties. Although LPGs are innately sensitive to all of these environmental
parameters, it is possible to dramatically reduce the response of individual parameters
through careful grating selection and fibre choice. Furthermore, an LPG’s surrounding
refractive index sensitivity can be tailored to a specific analyte by applying a coating
that demonstrates an affinity for this specie. By applying a CO2 sensitive coating to
an LPG that has been carefully designed, the sensor devised here will demonstrate
CO2 selectivity yet possess insensitivity to additional interfering parameters (e.g.
temperature, strain).
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3.5 Fabrication techniques
The creation of an LPG requires a refractive index change in the core of the fibre
which is predominantly achieved through photo-induction. Other techniques can
also be used to form LPGs that involve altering the intrinsic properties of the glass
itself. The following section will outline the numerous approaches used to fabricated
LPGs and methods of post-treatment with particular emphasis on UV photo-induced
techniques due to it pertinence throughout this thesis.
3.5.1 Physical perturbation
Physical deformation of an optical fibre is produced through the use of electrical-arc
discharge [40], femtosecond laser exposure [41], irradiation by a CO2 laser [42] or
mechanical manipulation [43]. The subsequent section will provide a brief description
of these fabrication processes and discuss the refractive index change mechanism.
CO2 laser
The use of a CO2 laser to fabricate in-fibre gratings in standard glass fibre was first
proposed by Davis et al. [42]. It facilitates the fabrication of LPGs in the majority
of fibre types including photonic crystal and photonic band-gap fibres without the
need for photosensitive- or hydrogen loaded-fibre (see Section 3.5.2), although the
latter has been found to enhance the writing sensitivity with this technique [42].
A conventional CO2 laser fabrication system is illustrated in Fig. 3.10, where the
LPG is created by focussing the beam onto the optical fibre, heating the desired
location, and moving the fibre perpendicular to the incident beam to achieve the
desired period and grating length. To ensure only the appropriate fibre sections are
irradiated, a computer controlled shutter mechanism is used to block the CO2 laser
output during fibre translation.
LPGs fabricated using a CO2 laser produce the required refractive index modulation
via localised modifications to the structural properties of the glass, namely, the
relaxation of residual stress (stress originally produced during the manufacture of
the fibre) and the densification of the glass [44]. To solely create a refractive index
variation, the laser is configured such that the fibre receives short pulse lengths
(<450 ms) at a low power (<5 W) [45]. The type and magnitude of the index profile
modulation is determined by the composition of the fibre. The refractive index
change induced in a Ge-doped fibre is predominantly caused by residual stress relief,
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Shutter
Optical fibre
Figure 3.10: A standard arrangement for the fabrication of fibre gratings using a CO2 laser.
Adapted from [44]
producing a decrease in refractive index, while CO2 laser irradiation of a B-doped
fibre induces a positive refractive index change resulting from glass densification [44].
In addition to refractive index modulation, LPGs fabricated using a CO2 laser can
also be created by implementing a geometric taper (Fig. 3.11) via increasing the
beam power (5 - 10 W) and applying a slight tension to the fibre [46]. In either
scheme, the refractive index modulation occurs in both the core and cladding of the
fibre [45].
Λ
TaperStripped optical fibre
Figure 3.11: Illustration of a typical tapered LPG. The periodic geometric perturbations enhance
the refractive index change, augmenting phase matching
A number of fabrication parameters associated with LPGs produced via CO2 irradi-
ation can influence the quality and reproducibility of the grating. The symmetry of
the fibre alteration (i.e. whether the entire circumference of the fibre is exposed to the
beam) influences transmission spectra of LPGs, where gratings fabricated with axial
symmetry display cleaner spectra with lower insertion losses than asymmetrically
produced LPGs [47]. Additionally, controlled heating of the optical fibre is essential
to prevent the formation of internal bubbles (over-heating) or applying excessive
stress on the fibre (under-heating) [48]. Finally, the vibration of the fibre during
the periodic translation can cause inhomogeneous heating as the fibre shifts in and
out of the CO2 laser beam’s focal point [44]. Due to these issues, more elaborate
fabrication systems than depicted in Fig. 3.10 have been developed. Variations to
the standard fabrication system include, the use of a scanning mirror to produce
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uniform temperature along the heating zone [48], and a reflector positioned directly
behind the fibre to produce a more axially uniform modulation [47].
The greatest advantage offered by LPG sensors produced via CO2 laser irradiation is
their exceptional high temperature stability. This means they are ideally suited as
temperature sensors, particularly for operating at high temperatures (∼ 900◦C) [49]
where gratings fabricated using UV exposure are not appropriate.
Electric-arc discharge
Electric-arc discharge predominantly forms LPGs through the rapid heating and
cooling of the glass inducing a density alteration, thus a refractive index change [40].
The bare fibre is positioned between two electrodes while held under constant axial
tension (Fig. 3.12). The discharge locally heats the fibre for a short duration (200 ms
- 2 s) before the fibre is translated by the desired period. This process is repeated
until the required length is achieved. This method can also be used to fabricate
tapered LPGs (Fig. 3.11).
Stripped optical fibre
Electrodes
Arc Applied tension
Figure 3.12: Typical arrangement for the fabrication of LPGs using electric-arc discharge
Similar to LPGs produced using a CO2 laser, electric-arc discharge creates LPGs
by locally heating the fibre, allowing the fabrication of LPGs in specialised fibres
(PCF, band-gap fibre) and that display high thermal stability [50]. Additionally, this
method does not require expensive lasing equipment [40]. However, the asymmetric
structure changes induced by the arc can vary with every discharge making it difficult
to manufacture LPGs with reproducible characteristics [51].
Femtosecond laser
Femtosecond lasers utilise a similar method to CO2 lasers where upon exposure to
the short laser pulses a densificiation in the glass produces the desired refractive
modulation [41]. Generally, the femtosecond laser operates in the infrared region,
where the short pulses are focussed onto the fibre, locally heating it to above
500◦C. The thermal effects used to induce the refractive index shift display high
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thermal stability up to the fabrication temperature. The temperature sensitivity of a
femtosecond laser fabricated LPG with a period of 435 µm was demonstrated to be
∼30 pm·◦C [52], far less than an LPG written using UV irradiation (125 pm·◦C) at a
similar period (400 µm) [53]. This difference in temperature sensitivity derives from
the fact the refractive index change caused by a femtosecond laser is predominately
produced from glass densification rather than an electron transfer induced during
UV irradiation (see Section 3.5.2) [52].
Mechanical deformation
The fabrication of LPGs using laser-based techniques involves a large initial invest-
ment in equipment before gratings can be produced. As LPGs are formed using
relatively large periods, in comparison to FBGs, it is possible to produce a refractive
index change mechanically. This can be accomplished by taking advantage of the
optical fibre’s photoelastic effect by pressing it between a flat surface and a corrugated
plate with a set periodicity. In addition to the ease of fabrication, this technique
also produces cleaner, lower loss spectra when the plastic jacket is not removed,
speculated to be caused by a reduction in micro-bending, in addition to reducing the
devices vulnerability to fractures. LPGs induced through mechanical deformation are
reversible, as once the perturbation is removed the spectrum returns to its unaltered
state [43].
3.5.2 UV Photo-induction
The most common method of manufacturing LPGs is through the use of UV irradi-
ation. Here, unlike LPGs fabricated through physical manipulation, only the core
experiences a refractive index change. For gratings to be fabricated using UV, the
optical fibre must be photosensitive, which can be achieved by either pre-treating
with hydrogen or using a fibre composed of high concentrations of photosensitive
dopants. The Ge doping of optical fibre naturally increases the refractive index
of the core and introduces photosensitivity through intrinsic defects (Ge-Si wrong
bonds) in the glass structure which promote absorption bands at UV wavelengths
[54]. The pretreatment of optical fibre using hydrogen, termed hydrogen loading,
can vastly improve photosensitivity and has been performed by diffusing hydrogen
molecules into the fibre at various temperatures (20 - 145 ◦C) and pressures (1 - 200
atm) for 2 - 14 days depending on the magnitude of the parameters (where elev-
ated temperature/pressures enhance the diffusion rate) [55, 56, 57]. The permanent
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refractive index change occurs when the hydrogen loaded fibre is exposed to UV
or intense heat, causing the dissolved hydrogen to react with Ge sites in the core
allowing structural changes (thus a refractive index change) to transpire at every
exposed Ge site. The primary mechanism for the increase in refractive index is the
formation of Si-OH and GeH groups at normal Si-O-Ge sites [15]. Interestingly, it
has been noted that the reaction of hydrogen with Ge sites may in fact continue for
up to 2 h post UV exposure, causing a slight red shift in the resonance features [58].
Although hydrogen loading dramatically improves photosensitivity and allows gratings
to be written in standard telecommunication fibre, it is also possible to fabricate
UV induced gratings in B-Ge codoped fibre without the need for hydrogen diffusion.
The addition of boron reduces the refractive index of the glass. This allows for the
incorporation of a greater concentration Ge while still maintaining a low core-cladding
index difference [15], thus, the greater proportion of Ge promotes an increase in
Ge-Si defects [54]. However, B-doped fibre produces additional loses at 1550 nm of
120 dB·km−1 in PS1250/1500 (Fibercore) in comparison to 30 dB·km−1 at 780 nm
in PS750, (Fibercore) and therefore may not be suitable for every application.
Fabrication methods by UV irradiation
The simplest method to produce a UV induced LPG is to use an amplitude mask.
The mask is comprised of a fine comb-like structure usually manufactured with
chrome-plated silica or laser prepared metal foil [11]. This structure dictates the
duty cycle and period of the intended LPG and is located between the UV source
and the fibre. Generally, a cylindrical lens is used to produce a line focus orientated
in the same plane as the optical fibre. The UV laser irradiates the mask, creating
multiple periods simultaneously in a single exposure [59]. The use of an amplitude
mask allows for quick and repeatable fabrication of LPGs, ideal for batch production.
Another method for producing LPGs is to build up the the index modulation in a
point-by-point fashion. This cumulative technique operates by irradiating a section
of the fibre, translating it equal to the LPG’s period, and repeating this process
until the desired grating length has been achieved. While the amplitude mask
predetermines the duty cycle, in the point-by-point method, the UV beam is focused
through an adjustable aperture to produce the desired duty cycle. Although a slower
process than use of an amplitude mask, the point-by-point technique provides greater
flexibility in fabrication parameters adjustments (period, duty cycle) and allows the
manufacture of more complicated LPG designs (chirped, phase-shifted) [59].
In both techniques, the amplitude of the refractive index change is determined by
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the exposure time each period experiences. Nevertheless, variations in temperature,
humidity, irradiation source power and fibre batches can dramatically affect the
reproducibility of LPGs written using a single exposure [53]. An alternative technique
to the single exposure point-by-point scheme is to repeatedly irradiate each section
for a short period of time [59]. Termed the overwrite method, each period is exposed
for a short interval (∼5 s), where, once the desired length has been fabricated, the
translation stage is returned to its initial position and the process repeated until the
required refractive index change has been attained. It was demonstrated that this
method improved the repeatability of the production of LPGs and can be utilised to
tune gratings such that they possess resonance features at specific wavelengths. This
fabrication approach was developed during this project and is discussed in greater
detail in Chapter 5.
3.5.3 Post-fabrication treatment
Post fabrication treatments are predominantly used to either stabilise the transmis-
sion resonance features to a particular environmental factor, or to fine-tune their
wavelength to a specific value. The following section outlines the more common
methods used for post-fabrication adjustments.
Annealing
The annealing of a fibre post UV-fabrication serves to stabilise the LPG’s optical
properties by [1]: 1) outgassing an excess of hydrogen from the core which would
otherwise influence its refractive index, thus resonance features’ wavelength; 2)
providing thermal stability over a long period of time through the removal of unstable
UV-created sites which would degrade slowly over time. The conditions needed to
anneal an LPG depends on the fibre type, the intended operating temperature and
the desired stability [1]. During the annealing process hydrogen initially diffuses
quickly from the cladding, altering the differential refractive index between the core
and cladding, causing a large wavelength shift in transmission features to occur. This
is followed by a slower rate of diffusion from the fibre’s core, resulting in the resonance
bands returning to their original wavelengths [15]. Typically, annealing is conducted
above 150◦C for up to 42 h, where greater temperatures require less annealing time
[1, 58, 60]. Although annealing causes complete removal of hydrogen from within the
fibre and allows the immediate use of thermally stable devices, non-reacted hydrogen
will naturally diffuse out of the fibre within 20 days of removal from the hydrogen
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rich environment [58]. A detailed description of the 4 stage diffusion process can be
found in [61]. The annealing process causes a permanent alteration in the LPG’s
sensitivity [9].
Etching
The ability to tune the central wavelengths of resonance bands post fabrication allows
specific transmission spectra to be obtained (i.e. a particular attenuation feature at
an exact wavelength). As the phase matching condition (Equation 3.3) is dependant
on the physical properties of the cladding (refractive index, radius), it is possible to
alter the resonance wavelength through modifying the cladding radius. Reducing the
radius can be accomplished by etching the LPG with hydrofluoric acid in a controlled
manner [62]. The removal of cladding results in resonance features experiencing a
red shift where higher-order modes display a faster rate of change [63].
UV Trimming
In addition to etching, the central wavelengths of resonance features can be altered
through the application of UV trimming. This technique involves exposing the
LPG to a uniform UV irradiation dose until the required spectrum is achieved [64].
The effect of UV trimming differs depending on the process utilised to introduce
photosensitivity in the fibre. In hydrogen-loaded fibre, the regions previously exposed
to UV irradiation during fabrication display enhanced photosensitivity in comparison
to unexposed sections [65]. This difference in photosensitivity is then exploited
during the trimming process, where a uniform dose of UV irradiation increases the
amplitude of the index modulation in the exposed regions but not in the non-exposed
portions [65]. However, in fibre doped with high concentrations of Ge (non-hydrogen
loaded), uniformly exposing the LPG to UV irradiation has been speculated to
increase the average index of the fibre, causing a wavelength alteration but, unlike
hydrogen-loaded fibre, also degradation in attenuation of the resonance features [59].
3.5.4 Summary of fabrication techniques
The fabrication of LPGs can be achieved through a number of physical techniques,
each offering unique advantages (ability to create custom LPGs, temperature stability,
creation of reversible gratings) and disadvantages (initial cost of equipment, grating
fragility). Nevertheless, LPGs utilised in this thesis will be fabricated via UV
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irradiation since this method offers the flexibility to fabricate bespoke sensors and that
the Centre for Engineering Photonics is in possession of a UV system. Additionally,
the use of annealing post-fabrication will allow temperature sensitivity to be assessed
in LPGs, essential for accurate sensor characterisation.
3.6 Variations to the LPG design
The increasing attention that LPGs have attracted over the past few decades has
naturally led to the development of variations in the basic design and fabrication
techniques. Therefore, the following section outlines some of the common LPG
variations.
3.6.1 LPGs at the phase matching turning point
The sensitivity of LPGs to physical perturbations has been shown theoretically and
experimentally [26] to be improved by operating at the so-called phase matching
turning point (PMTP), or turn around point. All cladding modes exhibit a turning
point, however, the PMTPs for lower-order modes are at larger wavelengths, generally
out of the wavelength range for standard interrogation techniques. Higher-order-
modes on the other hand possess PMTPs that can be clearly observed using a CCD
spectrometer [53] or an optical spectrum analyser (OSA) [66] and are accessible
through fabricating LPGs with shorter periods (<250 µm) [67]. Near the PMTP it is
possible for light to couple to the same cladding mode at two wavelengths producing
dual attenuation bands [68]. Fabricating an LPG with a cladding mode accessing
the PMTP requires careful consideration of the period, therefore phase matching
curves (see Fig. 3.5) are essential in initially identifying an appropriate period.
Although a cladding mode displays its greatest sensitivity at the PMTP (i.e. where
dλ
dΛ =∞) [26], from a sensing perspective, it is problematic to track external mediated
changes in an attenuation band operating in this region. For example, a decrease in
surrounding refractive index will produce a reduction in intensity of the resonance
band, whereas an increase in this parameter will cause the band to shift in wavelength,
splitting into two distinct features (Fig. 3.13). Monitoring just one dependent variable
(intensity or wavelength) is not appropriate in resolving the parameter change for an
LPG operating at the PMTP, consequently, assessment of both variables is required.
However, this is impractical, particularly considering intensity is liable to fluctuations
through light source power variations and connection losses [19]. It is therefore
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Figure 3.13: The spectra of an LPG operating at the PMTP in different refractive indices where
n1 < n < n2. A decrease in refractive index produces a reduction in intensity (n1) while an increase
causes two distinct resonance bands (n2).
preferential to utilise an LPG near the PMTP that exhibits dual resonance, thus
allowing wavelength analysis to be exclusively employed.
The use of LPGs exploiting the PMTP to optimise sensitivity has been widely
implemented in the literature for spectral filtering [69] and in particularly chemical
sensing [32, 36, 70]. The increase in sensitivity achieved through the utilisation of the
PMTP can be seen in two separate articles developing LPG kerosene sensors. The
standard LPG resulted in a sensitivity of 0.6 nm·%−1 change in kerosene concentration
[71], where an LPG operating at the PMTP demonstrated a sensitivity of 0.949
nm·%−1 [70]. Although LPGs operating at the PMTP offer increased sensitivity, they
are also more susceptible to external parameters such as temperature [72], therefore
to maintain the sensitivity improvement (without loss to poor signal-to-noise ratio)
competing variables need to be closely controlled.
3.6.2 Cascaded LPGs
Fabricating a pair of identical LPGs in series along the same fibre (Fig. 3.14), termed
cascaded LPGs, has been explored for the use in sensor applications. Cascaded LPGs
form an in-fibre Mach-Zehnder interferometer producing a channelled spectrum pat-
tern for each attenuation band (Fig. 3.15). The narrow bandwidth of the interference
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Cladding
Core
Figure 3.14: Principle of operation for a cascaded LPG. Adapted from [11]
fringes is fine enough that a resolution greater than a standard LPG is achievable [11].
Cascaded LPGs operate by coupling the incident light to cladding modes at the first
grating, in the same manner as a standard LPG. Light continues to propagate in the
core and cladding towards the second grating in the non-modulated section. Upon
reaching the second grating, energy from cladding modes is coupled back into the
core. The disparity between the cladding’s refractive index and the core’s produces a
phase shift between the light in the cladding and core. Upon coupling back into the
core, the phase shifted light interacts with light already propagating in this region
producing interference features [73]. Varying the distance between the two LPGs
causes a change in frequency of the interference fringes within the resonance bands,
where a greater separation increases the number of visible peaks [74].
Figure 3.15: A single attenuation band with a channelled spectrum for a cascaded LPG with a
90 cm separation. Taken from [73]
Utilisation of thin-film overlays is particularly useful in improving the selectivity of
LPGs to specific analytes of interest (see Section 3.4.4), as such, the response of
cascaded LPGs has been investigated following the application of nanoscale overlays.
Data presented by James and colleagues [75] demonstrated that coating the entire
device (both LPGs and the separation gap) with a thin-film overlay possessing a
refractive index of 1.57 caused a wavelength shift in the attenuation band and a
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phase change in the fringe pattern. The authors also showed that deposition of the
material onto the gap that separates the gratings caused a change in the phase of the
channelled spectrum as a function of coating thickness but the central wavelength of
the resonance band remained unchanged. This method has allowed cascaded LPGs
to be used as a chemical sensor in the detection of ammonia gas [76]. Cascaded
LPGs have also been utilised for multi-parameter sensing, distinguishing between
temperature and refractive index [77] and for bend sensing [78].
3.6.3 Phase-shifted LPGs
Typically, a uniform LPG is fabricated with a consistent structure that possesses
a phase-shift of 2pi, described as the period of the grating. However, phase shifted
LPGs disrupt this structure in one or more places by introducing an additional shift
that deviates from this regular arrangement (Fig. 3.16) [79]. The addition of the
phase shift causes the light coupled into the cladding from the sections either side of
the phase-shift to interfere with each other resulting in an alteration to the structure
of the resonance features (Fig. 3.17) [80].
Cladding
Core
Λ pi
Figure 3.16: Illustration of a phase-shifted LPG possessing a single central phase shift, pi. Adapted
from [12]
This principle can be extended further by incorporating multiple phase-shifts to
a single grating in order to produce a transmission spectrum with sharp, narrow
attenuation bands. Although, this technique introduces side-lobes into the trans-
mission spectra, it is possible to suppress these features through the application of
length apodisation (e.g. spacing the phase-shifts along the grating in a Gaussian
distribution) [79]. It has been suggested that the narrow attenuation bands possessed
by this type of grating lend themselves to high-resolution measurements since it is
possible to resolve smaller wavelength shifts [12].
58 Chapter 3. Long period gratings: Theory and fabrication
Wavelength (μm)
1.49 1.51 1.53 1.55
0
-5
-10
-15
-20
φ = π
φ = 3π/4
φ = π/2
φ = π/4
φ = 0
Tr
an
sm
iss
io
n
(d
B)
Figure 3.17: Transmission spectra of phase-shifted LPGs with phase shifts of φ = 0 to pi. Adapted
from [80]
3.6.4 Summary of LPG design variations
Since their initial inception in 1996, the basic design of LPGs has been adapted in
order to manipulate the transmission spectrum with the aim to optimise measurement
resolution and improve sensitivity. Utilising LPGs that operate at the PMTP will
maximise the CO2 sensor’s sensitivity.
3.7 Multi-parameter sensing using LPGs
Monitoring multiple parameters simultaneously allows interfering factors such as
temperature to be assessed and compensated for. Although optical fibres are well
suited for multiplexing, where it is possible to fabricate up to 30 FBGs on a single
array [81], LPGs are difficult to multiplex due the requirement of multiple sources
and corresponding interrogating units [82]. However, as has been alluded to through
the discussion of LPGs sensitivity (Section 3.4), it is possible to design an LPG
sensor in such a way that discrimination between two or more separate measurands
is achievable. This can be accomplished through the generation of resonance features
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which are insensitive to one parameter, multiplexing numerous in-series LPG elements
in a single fibre and demodulating the resulting signal, or utilising features of higher
order harmonics.
3.7.1 Insensitive resonance features
Fabrication of an LPG that displays an insensitive resonance band can be produced
via the use of an appropriate choice of period and fibre composition. This scheme
was adopted by Bhatia et al. [83] to distinguish strain in temperature variations,
where the temperature insensitive attenuation band (1.8 pm·◦C−1) was identified
at 1141.5 nm using an LPG written in Corning Flexcor fibre with a period of 40
µm produced a strain resolution of -21.44 nm·%−1. The authors repeated this for
a strain insensitivity band (-0.4 nm·%−1) in a separate fibre using a period of 340
µm providing a temperature resolution of 0.8 ◦C. The insensitivity of the bands
derives from the ability to couple to specific cladding modes which display a reduced
contribution from a fibre parameter. In the case of the temperature insensitive
resonance feature, the band is associated with a cladding mode that has a reduced
material contribution [83]. LPGs with a resonance band which displayed temperature
insensitivity yet responded to strain and bending have also been manufactured using
PCF [25]. The temperature insensitivity displayed by PCF-based LPGs derives from
the reduction in material contributions since the core in PCF is surrounded with
air-holes rather than silica as is the case with standard fibre. Although this technique
provides a simple method for discriminating between two parameters, it does restrict
the device to specific fibre composition and operating wavelengths.
3.7.2 In-series gratings
Rather than relying on the features produced from a single LPG element, it has been
previously shown that it is possible to multiplex LPGs in-series and discriminate
measurement changes from each element [73]. Two different pairs of identical
cascaded LPGs with a physical separation of 90 mm in the first pair, a 30 mm
separation for the second pair and a 1 m gap between the pairs, were fabricated
in hydrogen loaded fibre. A 30 mm section of the fibre separating each LPG in a
cascaded pair was placed in a refractive index oil, where the oil’s refractive index was
controlled via thermoelectric heaters. Applying a Fourier transform to the obtained
spectrum allowed the phase shift of the two cascaded LPG pairs to be resolved
by considering the real and imaginary parts of their associated frequencies. Since
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variations in environmental parameters induce changes in the interference fringes
of cascaded LPGs, it was possible to distinguish which LPG pair underwent the
temperature mediated refractive index change by monitoring the phase variations
in the channelled spectrum. Determination of changes in different LPGs does not
necessarily require extensive signal processing. Hromadka et al. [84] fabricated a
single optical fibre with three separate gratings in-series but with different periods in
order to differentiate between relative humidity, temperature and volatile organic
compounds. The authors multiplexed three LPGs with periods that differed only
by 0.1 µm in order to produce a spectrum with multiple resonance bands near the
PMTP, each coated with a different thin-film overlay in order to provide selectivity
for one measurand of interest. However, very careful design was required to ensure
large changes in a particular attenuation band do not coalesce with local features in
order to avoid the use of elaborate signal processing techniques.
3.7.3 Hybrid systems
Combining both LPGs and FBGs onto a single fibre is another scheme in which
multi-parameter sensing has been accomplished to discriminate between strain and
temperature [21]. Typically, this type of array consists of an LPG proceeded by
an FBG in-series (Fig. 3.18). The use of a hybrid LPG/FBG configuration has
Source
OSA
LPG FBG
Figure 3.18: Typical configuration for a hybrid multi-parameter system where a circulator is used
to distribute reflected signals to an interrogator. Adapted from [85]
been exploited to detect simultaneous changes in surrounding refractive index and
temperature [85]. In this case, only the LPG displays sensitivity to variations in
ambient refractive index (producing an intensity change in the counter-propagating
signal) while both the LPG and FBG respond to temperature fluctuations. Using
both wavelength changes and shifts in amplitude of the reflected signal, it is possible
to distinguish between temperature and refractive index. This system has also been
applied to distinguish variations in strain or temperature [21].
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3.7.4 Differential shift in multiple bands
Rather than relying on a completely insensitive feature, it is possible to discern axial
strain and temperature using a single LPG element through differential shifts in
multiple resonance bands [22]. Fabricating an LPG with Λ = 280 µm in hydrogen
loaded Corning SMF-28, two resonance bands at 1607.9 and 1332.9 nm were selected
where the latter feature displayed negligible thermal cross sensitivity. Using an OSA
to interrogate the fibre, the authors were able to achieve minimum detectable strain
and temperature changes of 30 µ and 0.6 ◦C respectively. An interesting method
for creating resonance bands with different sensitivities is through the use of higher
order harmonics. Different order harmonics displayed differing sensitivities allowing
the discrimination between temperature and strain to be deduced to a resolution of
0.7◦C and 25 µ via 1st and 2nd ordered resonance features [14]. This technique is
explored further in Chapter 6.
3.8 Summary and conclusions
A concise review of LPG operational theory, characterisation and fabrication has
been outlined. It is clear that with use of the transfer matrix method to model
phase matching curves it is possible to estimate the transmission spectrum through
period selection, facilitating the design of LPGs. The origins of an LPGs response
to physical parameters and methods in which these effects have been exploited for
sensing capabilities has been discussed. Additionally, common techniques used to
fabricate LPGs (Table 3.2) and variations of the uniform grating design have been
presented. Finally, an overview of the schemes used to perform multi-parameter
sensing with LPGs was summarised.
It is clear from a review of the literature that an LPG-based CO2 sensor would require
a coating that possesses an affinity for this analyte in order to selectively utilise the
inherent surrounding refractive index sensitivity of these in-fibre gratings. This is
investigated further in Chapter 4. Furthermore, through the use of UV irradiation,
the fabrication of LPGs for the CO2 sensor can be tailored such that sensitivity is
maximised (by employing LPGs operating at the PMTP, explored in Chapter 5)
and competing environmental effects discriminated between (use of higher order
attenuation bands in the transmission spectrum, discussed in Chapter 6).
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Table 3.2: Summary table of LPG fabrication techniques. Abbreviations: Advantage (+),
Disadvantage (−)
Technique Mechanism of refract-
ive index change
Notes
CO2
laser
irradiation
Densification of glass (+) Possible to fabricate LPGs in non-
standard fibre
(+) Ability to create tapered LPGs
(+) Inherent thermal stability
Electrical
discharge
Densification of glass (+) Possible to fabricate LPGs in non-
standard fibre
(+) Inherent thermal stability
(+) Ability to create tapered LPGs
(−) Difficult to reproduce LPGs with the
same characteristics
Femtosecond
laser
irradiation
Densification of glass (+) Possible to fabricate LPGs in non-
standard fibre
(+) Inherent thermal stability
Mechanical
deformation
Alters fibre’s pho-
toelastic properties
(+) Minimal financial investment required
(+) Produces temporary LPG structure
(−) Nominal practical applications
UV
irradiation
Formation
of Si-Ge
structures
(+) Amplitude mask may be used
(+) Only the core experiences refractive in-
dex change
(+) Ability to tailor LPG structure through
cumulative UV exposure
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Chapter 4
Optical fibre coating for CO2
detection
As discussed in Section 3.4.4, the deposition of a coating material onto the surface
of an LPG can improve the grating’s sensitivity and selectivity to an analyte of
interest. Within the context of this thesis, it is thus necessary to identify a suitable
coating material for the development of the CO2 sensor. For this project, the
deposition material firstly must show an affinity for CO2 at atmospheric pressure and
temperatures. Secondly, it is necessary that the coating is hydrophobic in order to
avoid humidity cross-sensitivity since human breath is saturated with water. Finally,
to ensure the CO2 sensor can be reusable and suitable in a practical situation, the
deposition material must demonstrate a reversible change with CO2 that does not
require the use of high temperatures or pressures.
This chapter outlines techniques that may be used to apply materials to the surface
of optical fibre. Additionally, groups of coating materials that display an affinity for
CO2 are outlined and a description of the mechanisms via which they interact with
CO2 and other pertinent cross-sensitive species is provided.
4.1 Optical fibre coating techniques
There are numerous methods that can be used to deposit a chemical or biological
deposition onto a substrate’s surface. One of the most common techniques used to
apply a thin-film to a substrate is spin-coating. Essentially, the substrate is covered
in an excess of aqueous material, spun to a pre-set velocity in order to remove
unwanted material and to create a homogeneous thickness across the surface prior to
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a final evaporation stage [1]. Although this mature technique produces homogeneous
coatings and allows control of coating thickness by selection of the appropriate spin
velocity, this procedure would not be suitable for optical fibres due to their cylindrical
geometry.
Generally, optical fibres are coated via dip-coating, the Langmuir-Blodgett technique
(LB), electrostatic self-assembly (ESA) or sol-gel deposition. As these techniques
have all been utilised in the production of LPG sensors [2, 3, 4, 5], it is therefore
pertinent that a detailed description of the basic procedure and characteristics of
each process is provided in the subsequent sections.
4.1.1 Dip-coating
The simplicity, ease-of-use and minimal material wastage provided by dip-coating
has caused it to be one of the most popular coating techniques [6]. The substrate
is lowered into the coating solution and withdrawn vertically at a constant speed,
leaving a layer of material on its surface as it is removed. Typically, the desired
coating material is dissolved or suspended in a solvent (usually alcohols for their fast
evaporation and low surface tension) so that as the substrate is withdrawn from the
bulk-solution, the solvent evaporates. Dip-coating can be used to deposit polymers,
metallic nano-particles, biomolecules or solid-films from a sol (a colloidal suspension
of solid particles in solution) [7, 6].
On initial inspection the technique seems trivial. However, a more detailed exam-
ination reveals the complexity of competing forces involved in film formation, and
consequently methods via which these parameters may be exploited for controllable
deposition. As the substrate is withdrawn from the solution reservoir, liquid is
drawn along behind which splits into two, with the outer layer returning to the bulk
solution. The remaining inner layer adheres to the substrate surface, experiencing
evaporation, viscous drag (from material draining back into the reservoir) and capil-
lary flow deposition (Fig. 4.1). Interestingly, the relationship between withdrawal
speed and thickness takes the form of a parabola where, at intermediate speeds (0.2
- 0.8 mm·s−1), competing regimes are balanced and a minimum thickness can be
obtained. The relationship between deposition thickness and competing regimes can
be expressed by [8],
h0 = ki(
E
Swu
+Du 23 ), (4.1)
where h0 is the deposition thickness (in mm), ki is the solution composition constant
(i.e. the solution components maintain their initial composition ratio), E is the
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rate at which the solution undergoes evaporation, u is the withdrawal speed, Sw
the substrate width and D is the solution’s physical-chemical characteristics. The
numerous driving forces outlined above, which govern deposition, are dependent
on processing (withdrawal speed, atmospheric temperature, and humidity) and
chemical (solvent choice and solution concentration) conditions. Therefore, to
produce repeatable coatings, these critical parameters must be managed [8].
h
U
S
Dry material
Capillarity
Draining
Su
bs
tr
at
e Evaporation
Figure 4.1: Mechanism by which thin-films are formed during the dip-coating technique [8]
Despite the potential for controlled deposition, dip-coating does possess a number of
drawbacks. When using highly viscous or dilute solutions it is difficult to prepare
ultra thin (<20 nm) and ultra-thick (>1000 nm) coatings in a controlled fashion.
Furthermore, when using a porous substrate the coating is liable to infiltrate the
structure, potentially altering the deposition properties. Finally, without careful
control of atmospheric conditions, the coating is liable to crack, resulting from tensile
stress experienced by the deposited coating during evaporation [6].
The use of dip-coating is exploited in Chapter 7 during the fabrication of the
LPG-based CO2 sensor.
4.1.2 Electrostatic self-assembly
The construction of multi-composite films on a surface can be achieved using the
ESA technique. This simple procedure involves alternate submersion of the substrate
in a cationic and an anionic solution (solutions can also be polymeric or colloidal)
with a wash step in between each immersion (Fig. 4.2). Repeating this process allows
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for a multi-layered film to be constructed on the substrate. Furthermore, composite
coatings can be created by substituting either of the solutions with different molecules
of the same charge, demonstrating the adaptability this technique offers [9].
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Figure 4.2: Simplified ESA concept. Charged substrate is immersed in the polyanion (1) and
polycation (3) with wash steps (2)(4) in between. Repeating this process allows for multi-layers to
be applied [9]
Preparation of the substrate requires it to be cleaned and a surface charge applied in
order to provide a suitable foundation for subsequent deposition. Once immersed
in the appropriate solution, the electrostatic attraction between the substrate and
oppositely charged molecules forms the first layer. The surplus of molecules in
solution are repelled from the similarly charged, newly formed coating, therefore
limiting each deposition phase to a single self-regulating layer [10]. Following an
intermediary washing step (necessary to remove excess non-attached molecules) the
substrate is then dipped into the second solution of opposite charge. This process is
repeated until the required coating thickness is achieved. The assembled deposition
can be defined by (A/B)X where A and B are the two coating materials and X is
the number of bilayers. Although the processing parameters are fairly broad, greater
control over the layer’s structure can be acquired by adjusting reaction conditions
such as ionic solution concentration, adsorption times, pH and temperature [9]. Using
this general approach it is possible to coat nearly all substrate surfaces, regardless of
shape or size, so long as they are accessible to the ionic solutions [9]. Indeed, ESA
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has been utilised frequently to apply chemical depositions to LPGs [11, 12, 13, 14]
and is employed in Chapter 7.
One drawback of this technique is that it is not possible to deposit a coating thicker
than one molecular layer using just a single material. Also, the coating/air layer of
the deposited coating tends to be rough and requires post-treatment processes (salt
solution washes) in order to remove the surface irregularities [10].
4.1.3 Langmuir-Blodgett
LB coating allows the controlled deposition of a material mono-layer onto to the
surface of a vertically-dipped substrate using an LB trough. To achieve this, a thin
layer of material, typically amphiphilic, is spread onto a water sub-phase, where the
dispersed mono-layer orientates itself so that the hydrophilic heads interact with the
water’s surface and the hydrophobic tails are arranged away from the water. Upon
compression of the surface area using the LB trough’s moveable barriers, a condensed
mono-layer, termed a Langmuir film, is formed. As the substrate is withdrawn
through the sub-phase, the meniscus pushes the film onto the substrate’s surface
(Fig. 4.3). In order to create a homogenous, repeatable coating, the LB isotherm (a
curve representing surface area against pressure for a single temperature) of each
material must be deduced to allow the ideal surface pressure to be determined [15, 16].
Formation of a mono-layer coating is achieved by withdrawing the substrate through
the surface of the Langmuir film once. By repeating the process of inserting and
withdrawing the coated substrate through the film, it is possible to build up multiple
layers, one molecule thick, at a time. Furthermore, by using two separate troughs
with two different materials, it is possible to deposit a composite layer onto the
substrate. The LB coating will typically take the form of one of three key structures
which is determined by the nature and structure of the amphiphilic material. The
most common of the LB structures is the Y-type, in which adjacent layers pack
tail-to-tail and head-to-head. Less frequently witnessed layer organisations are X-
and Z-types. Here, the substrate is only coated on either insertion or withdrawal
creating head-to-tail layering (Fig. 4.4) [16].
For repeatable deposition to occur, both the substrate and LB trough must be
carefully cleaned to remove dust and chemical residue [17]. One drawback of the
LB coating technique is that during multi-layering any defect in the LB film or
substrate surface will be amplified as each subsequent mono-layer is deposited [16].
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Figure 4.3: Mechanism of mono-layer coating using LB deposition where the amphiphilic material
is uniformly orientated on the water sub-phase allowing a mono-layer film to form as the substrate
is withdrawn. Taken from [16]
Y-type X-typeZ-type
Figure 4.4: Three main layering structures in LB deposition. Hydrophilic heads and hydrophobic
tails of amphiphilic material are depicted [17]
Another disadvantage of this technique is the requirement that the coating material’s
molecular structure must be amphiphilic [15].
4.1.4 Sol-gel
The sol-gel process can be described as the chemical action of forming a gel through
the condensation/hydrolysis of an inorganic or metal organic pre-cursor sol [18]. The
final product is a nanoporous material with high homogeneity and purity which can
be tailored via judicial selection of sol reagents and reaction conditions. Typically,
the sol-gel process consists of four stages: 1) preparation of the pre-cursor sol; 2)
gelling of the sol; 3) drying, producing a low density xerogel or aerogel; and, if
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required, 4) densification via high thermal treatment. The optional latter step allows
the removal of the gel’s porous structure, creating a density similar to that of fused
silica [7].
Silica alkoxydes are popular pre-cursors in sol-gel research, where tetramethoxysilane
and tetraethoxysilane are commonly studied examples. A general chemical formula-
tion for silica alkoxydes during the sol-gel process can be described by the following
[19],
Si(OR)4 + (4 x)H2O SiOx (OH)4−2x + 4ROH, (C 4.1)
where R represents an alkyl group. The sol pre-cursor undergoes hydrolysis (C
4.2) and condensation (C 4.3) reactions, gradually increasing in viscosity through
polymerisation and forming a stable, interconnected porous gel.
≡Si OR + H2O ≡Si OH + ROH (C 4.2)
≡Si OH + HO Si≡ ≡Si-O-Si≡ + ROH. (C 4.3)
The gel is removed from solution and either dried at room temperature in order
to obtain a xerogel or dried under supercritcal conditions using an autoclave to
form an aerogel [20]. Characteristics of the gel (porosity, refractive index, surface
area) can depend on process parameters such as, pre-cursor, pH, temperature,
catalyst concentrations and drying method [20]. Furthermore, sol-gels are able to
immobilise various organic and biological species within their matrices through simple
modification of the polymerisation step [19].
Sol-gels have gained considerable interest for their ability to form thin-films via dip-
coating or spin-coating [20]. These techniques have enabled the development of optical
sensors with sol-gel coatings that contain chemical and biological recognising elements
that absorb, fluoresce or luminesce in the presence of target species [21, 19, 22].
Thin-film sol-gels present mechanical resistance and exhibit response times under 2
min [19]. However, the thin-film’s properties (thickness, volume fraction of solvent at
solidification point) must be carefully considered to ensure cracking does not occur
during the drying stage [20].
4.1.5 Summary of fibre coating techniques
Many coating techniques have been utilised to apply a functional material to the
cladding of an optical fibre. The applicability of each technique is highly dependant
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Substrate Substrate
(1) (2) (3) (4)
Figure 4.5: General overview of the formation of a sol-gel. Following mixing of the sol (1) with
the addition of the chemical recognising groups (2), the substrate is coated with the gel (3) prior to
drying to form the final xerogel coating
on the physical and chemical characteristics of the coating material. Nevertheless,
some materials could be deposited onto an optical using a number of the methods
outlined. It is these cases where equipment requirements and method complexities
will need to be carefully considered.
4.2 Materials with a CO2 affinity
CO2 is a nonpolar, triatomic molecule comprised of two carbon-oxygen bonds arranged
linearly around a central atomic carbon. This central atom is prone to nucleophilic
attacks whereas the oxygen atoms tend to suffer from electrophilic encounters [23].
The most common CO2 complex is formed through a strong covalent bond with Lewis
acidic carbon atom of the CO2 molecule and a Lewis base donor atom (e.g. formation
of carbamate groups) [23]. Weaker interactions with CO2 can be formed by inclusion
complexes where the CO2 molecule is adsorbed into ’holes’ of porous structures
without drastically altering the molecular arrangement. The ability to constrain
CO2 through the formation of weakly bound complexes is highly advantageous for
material regeneration as these bonds require far less aggressive (high temperature
and pressures) and energy-intense techniques to return the material to its original
state [23]. The subsequent sections describe a selection of materials that demonstrate
an affinity for CO2, detailing their interaction mechanisms and key attributes with
regards to an application in sensing.
4.2.1 Alkanoamines
Alkanoamines, such as monoethanolamine, diethanolamine and methyldiethanolam-
ine, have been used extensively in the carbon sequestering industry in an attempt
to mitigate global warming through the uptake of CO2 [24]. They are generally in
aqueous form in a 30 - 40 wt% amine in water [25]. Structurally, these alkanoamines
4.2. Materials with a CO2 affinity 79
contain primary (-NH2), secondary (-NH) and tertiary (-N-) amines groups which
interact with CO2. In the presence of anhydrous CO2, amines can absorb 0.5 mol of
CO2/mol of amine [26].
The mechanism for CO2 absorption in primary amines involves the formation of
carbamate through zwitterionic intermediates. Initially, the central carbon atom on
the CO2 molecule undergoes nucleophillic attack from the lone electron pair present
on the amine group to form the zwitterion. The zwitterion is deprotonated by a free
base, typically another amine or H2O in an aqueous amine environment, to form
carbamate (Fig. 4.6). This mechanism is pertinent also for secondary amines where
the NH2 is replaced by NH [25, 27].
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Figure 4.6: Mechanism for the reaction of primary amines with CO2, where B is a free base [25]
Tertiary amines do no directly react with CO2 but initially catalyse the formation of
bicarbonate which subsequently forms an ionic association with the amine (Fig. 4.7).
It is clear from Fig. 4.7 that tertiary amines are not able to react with CO2 in dry air
and require the presence of water. While this reaction can also occur in primary and
secondary amines in the presence of water, however, the scheme outlined in Fig. 4.6
has a higher rate constant [25, 24].
Although alkanoamines display an affinity for CO2 they become degraded through
oxidation and carbamate polymerisation [24]. Degradation of alkanoamines can also
occur through reactions with sulphur dioxide via the formation of sulfurous acid.
This lowers the pH of the solution through proton release, ultimately disrupting
the CO2 absorption capabilities of the solution [28]. Furthermore, regeneration of
alkanoamines requires large amounts of energy, the majority of which is used to heat
H2O in the aqueous solution [25]. Nevertheless, alkanoamines can be immobilised
onto solid supports, producing a material which minimises some of the drawbacks
aqueous alkanoamines suffer from yet still maintaining CO2 affinity. Many of the
materials discussed below incorporate amine functionalised groups to increase CO2
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Figure 4.7: Reaction of tertiary amines with CO2 through the initial catalysis of bicarbonate [25]
specificity.
4.2.2 Ordered mesoporous silica
Highly porous with a large surface area, ordered mesoporous silica (OMS) is an
amorphous material which facilitates rapid gas diffusion. Since the first reported
OMS family, M41S, numerous others have been created following their applications
in catalysis, adsorption and separation processes [29]. Their structures can vary
from hexagonal cylinders to cubic porous networks with pore sizes ranging from
2 - 30 nm [29]. OMS synthesis involves assembling the OMS through micelle-
templating, followed by hydrothermal treatment to obtain the silcate and finally
template removal via thermal or extraction techniques [30]. Although modifications
to the basic synthesis process can provide different surface adaptations, without
functionalisation, pure silica surfaces display poor CO2 adsorption due to weak
interactions between residual hydroxyl groups and CO2 molecules [30, 29]. However,
the large pores and hydroxyl groups of OMS makes them an ideal candidate for
aminosilane functionalisation.
Functionalisation of OMS changes its porous properties, typically filling the volume.
However, despite the reduction in pore volume, modification of the silcate with
aminosilanes and amino-functional polymers dramatically improve CO2 uptake. Work
by Xu et al. [31] investigated the effect of polyethyleneimine (PEI ) modification
of the OMS MCM-41 on CO2 adsorption capacity. The addition of the polyamine
(50 wt% PEI loading) caused the CO2 capacity to rise from 8.6 to 112 mg·g−1 of
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adsorbent pre- and post-modification respectively. Many studies [32, 33, 34] have
seen similar dramatic improvements in CO2 uptake following the addition of amine
containing molecules. Interestingly, the addition of humidity was noted to augment
the uptake of CO2 in OMS [32, 33, 34]. Enhancement in CO2 capacity following
exposure to a dry gas stream by the addition of amine groups is mechanistically the
same as outlined in Section 4.2.1. The addition of water vapour allows further CO2
to be adsorbed past that witnessed in a dry stream but at a substantially slower
rate through the formation of bicarbonate groups. However, despite the increase in
CO2 capacity provided by the addition of moisture, the presence of water at elevated
temperatures (100◦C) causes severe degradation in the OMS structure via hydrolysis
of Si-O-Si bonds [30].
Regeneration of amine functionalised OMS is generally achieved by temperature swing
adsorption or temperature vacuum swing adsorption [35], this involves increasing the
temperature or temperature and pressure in order to decrease the quantity of adsorbed
gas. The effectiveness of each method depends on the adsorption temperature, where
at ambient adsorption conditions (25◦C) a vaccum swing technique provided better
working capacity [35].
4.2.3 Zeolites
Zeolites are aluminosilicates which can be found naturally (natrolite) or synthesised
artificially, where typically the latter is used commercially providing a uniform and
pure product. There are numerous zeolite species classified by their structure and the
ratio of Si/Al. Thermally stable, these porous crystalline structures are comprised of
interlinked tetrahedral silicon tetraoxide and aluminate (AlO4) via oxygen atoms.
These frameworks possess open cavities in the form of channels and cages which
molecules penetrate (e.g. Na+, K+, Ca2+, Mg2+) balancing the overall negative
charge created by the aluminosilcate structure [29]. Zeolites can be synthesised
onto the surface of optical fibres, where they have been used in sensing applications
[36, 37]. In terms of CO2 uptake, adsorption capacities for standard zeolites such as
13X and 4A are in the range of 160 and 130 mg·g−1 adsorbent at room temperature
and pressure [38]. A number of factors affect the CO2 adsorption capacity of zeolites,
pertaining to both the crystalline composition and the properties of the adsorbing
gas.
Pore size can influence the adsorption capacity and rate of CO2 uptake. Zeolites
with small sized pores show the highest adsorption density for low pressures due
to energetically favourable locations for the penetrating gas to occupy, ultimately
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avoiding CO2-CO2 interaction. However, at high pressures the opposite is true,
where large pores demonstrate the greatest uptake. The molecular interactions which
hinder CO2 adsorption at low pressures are not an issue, thus zeolites with larger
pores allow CO2 molecules to reside in the central regions of the pores, encouraging
greater packing [39].
The adsorption behaviour of zeolites is also determined by the residing cation specie.
The cation influences the electric field inside the pores, in addition to the available
pore volume. The exchangeable cation acts as an acid site while the framework bound
oxygen provides a basic site [40]. At standard pressure (1 bar), a decrease in CO2
capacity is observed with increasing cation size, therefore cations with smaller radii
(thus greater charge density), such as Li+, display a higher capacity for CO2 than
larger, less charge dense cations [40]. Furthermore, an increased number of cations
located in the zeolite structure provides more interaction sites, and therefore an
increase in interactions with CO2 molecules [39]. Cations also play a role in chemical
adsorption where these metal ions act as catalysts in the formation of monodentate
carbonate at the Al-Si bridging oxygen atom (Fig. 4.8). However, there is evidence
that this group is thermally very stable, and heating to 700◦C does not remove them
from the zeolite framework, therefore blocking some surface cations [41].
SiAlAl
O O
O O
Si
O
O O
O
O O O O
O
CO O
Ca2+
SiAlAl
O O
O O
Si
O
O O
O
O O O O
O
C
OO
Ca2+
Figure 4.8: Chemical adsorption of CO2 on a zeolite structure. The Ca2+ polarises the CO2
molecule subsequently attacking the Al-Si bridging oxygen, breaking the Al-O bond finally forming
a stable monodentate carbonate [39]
Another aspect of zeolite composition which effects CO2 uptake is the ratio of Si/Al.
It has been shown that decreasing the Si/Al ratio from 60 to 15 caused the CO2
capacity to improve from 1.279 to 1.869 of mmol−1 CO2·g−1 in zeolite ZSM-5 [42].
The authors suggested that this increase in CO2 adsorption was due to a smaller
Si/Al ratio produced by stronger electrostatic fields inside the pores (due to a higher
framework basicity mediated via a greater Al3+ content), with a more pronounced
effect on molecules with a strong, permanent quadrupole. It is this permanent
quadrupole present in CO2 molecules that allows selective adsorption to take occur,
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preferentially interacting with cation sites over competing molecules (e.g. N2) with
lesser quadrupole moments [39].
The performance of zeolites can be improved via the integration of organic-amine
groups into the porous structure. Chatti et al. [38] demonstrated that by loading the
zeolite 13X with the amine monoethanolamine it was possible to improve CO2 uptake
by approximately 30% at 75◦C. This result has also been confirmed in other zeolitic
structures (Y-type zeolites) with the amine tetraethylenepentamine [43]. In addition
to improved adsorption capacity, amines also improve the selectivity for CO2 over
N2 and methane [44]. Mechanistically, the confined amine groups react with CO2
via the same scheme as alkanoamines, outlined in Section 4.2.1. Furthermore, the
regeneration in amine-impregnated zeolites is less energy intense as the moeities are
suspended on a solid structure rather than being dissolved in an aqueous solution.
The presence of humidity has been shown to inhibit CO2 adsorption in zeolites.
The high polarity of water causes it to preferentially interact with the exchangeable
cations in place of CO2, reducing the strength of the electric field and limiting uptake
[45].
4.2.4 Metal organic frameworks
Metal organic frameworks are crystalline porous organic molecules which display
large pore volumes and high internal surface areas. Constructed of metal-containing
units (secondary building units (SBUs)) linked with organic ligands, MOFs form well-
defined two or three-dimensional network structures capable of organic modification
(Fig. 4.9) [46]. Pores can be structured in channels, cages or a combination of both,
influencing the adsorption capabilities. The ability to interchange the SBUs and
organic ligands has led to the preparation of thousands of MOF structures [48].
With careful selection of SBUs, the original properties displayed by these units
can be maintained and exhibited by the final product [46]. In addition to directly
synthesising MOFs with desirable traits, these crystalline structures may also be
modified post-synthetically, allowing the addition of groups which may otherwise
interfere with the formation of the framework if added during direct synthesis.
This is achieved by incorporating functional moieties (i.e. amines) using organic
transformations, enhancing the structures reactivity to particular molecules [49].
The CO2 adsorption capacity of MOFs is greatly affected by porosity parameters
(surface area, pore size and volume) [50]. Increased surface area and pore volume has
been recognised to increase adsorption capacity [47]. Enhancement of these porosity
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Figure 4.9: The structure of Mg-MOF-74 highlighting the porous channel (green rod). Mg, purple
polyhedra; C, black; O, red; H, light grey. Taken from [47]
parameters in homogeneous MOFs can be achieved through the increase in pore size
(0.8 - 2.0 nm), which leads to an improvement in CO2 uptake at medium to high
pressures (<50 bar) [47]. In addition to increased pore size, MOFs which possess
high-densities of adsorption sites (e.g. exposed metal cations) also demonstrate
excellent adsorption properties. At low pressures (<1.2 bar), CO2 uptake is dictated
by chemical features displayed by the framework, thus MOFs with functionalised
pores performed the best [50]. Although MOFs with an increase in both surface area
and pore volume may improve adsorption capacity, these crystalline structures lack
specificity for CO2 [47].
Two distinct mechanisms have been proposed for governing selectivity in MOFs.
Firstly, size/shape-based selectivity, where the pore-size permits certain sized mo-
lecular diameters to diffuse into the MOF. However, this regime is limited to a few
examples [51] as the majority of MOFs demonstrate large surface areas and adsorption
capacity therefore possessing large pore openings permitting molecules larger than
CO2 into the framework. An alternate mechanism that regulates selectivity in MOFs
is the variation in affinity for different components of the pore surface experienced
by the gas mixture. Physisorptive adsorption relies on the polarisation or charge
distribution of the target gas to preferentially interact with pore surface of the MOF
over other competing molecules. This can be tailored by installing highly charged
groups or metal cations directly to the MOF [52, 50].
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Selectivity in MOFs can also be regulated through chemical interactions between
functionalised groups attached to the pore’s surface and the target gas, resulting
in far greater selectivity than physisorptive adsorption alone [50]. Using post-
synthetic treatments, MOFs have been functionalised with nucleophillic amine groups
to improve CO2 selectivity. The mechanism of action between a grafted amine
moiety and CO2 is the same as noted with alkanoamines outlined in Section 4.2.1.
Post-synthetic amine-functionalised MOFs have been achieved using PEI [53] and
ethylenediamine [54]. In addition to improved CO2 affinity, the MOFs functionalised
with amine groups also demonstrated a reduction in N2 uptake through reductions
in pore size resulting from the pore modification [50]
Although MOFs have the potential to become ideal CO2 sensitive coatings, they do
however have limitations. MOFs are susceptible to interactions with water, where
typically the metal-ligand bond is most vulnerable to hydrolysis, leading to a loss in
structure [55]. However, recent efforts have demonstrated that incorporation of a
surfactant may aid reducing water mediated disturbances [56].
Despite the advantages displayed by MOFs for CO2 adsorption, there is a limited
number of CO2 sensing devices which utilise these crystalline structures [57]. This
lack of interest for exploiting MOFs as CO2 sensors may be due to the difficulty in
identifying an appropriate sensing technique that can recognise the CO2 mediated
change experienced by the MOF.
4.2.5 Ionic liquids
Ionic liquids are molten salts that are almost exclusively comprised of ions and
which possess a melting point below 100◦C, often below room temperature [58].
These molten salts are receiving ever increasing attention in the scientific community
due to a number of attractive properties, including negligible vapour pressure,
stability to thermal and electrochemical variations, and the ability to be tailored for
specific functional needs via alterations to the anion/cation combination (examples
of commonly used anions and cations can be see in Fig. 4.10) [59]. Although the
first ionic liquid, ethanolammonium nitrate, was reported in 1888 with a melting
point of 52-55◦C [60], progress was subsequently slow until an eruption of interest
was witnessed between 1998 - 2000 for their potential as a clean chemical alternative
to widely utilised organic solvents which are environmentally hazardous [59].The
concept of tailoring ionic liquids as solvents for specific molecules has provided a
useful technique for separating individual gases from a mixture. This ability has
been used to separate hydrogen [61] and remove sulphur dioxide from a simulated
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gas flue [62]. Indeed, the capture of CO2 by ionic liquids has attracted a lot of
attention for its potential use in atmospheric carbon sequestering as a technique to
offset global warming. Dissolution of CO2 is achieved through either physical or
chemical absorption.
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Figure 4.10: Chemical structure of common anions and cations of ionic liquids [63]
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Synthesis
Only in the last decade have many of the common ionic liquids become commercially
available. However, they are still relatively expensive to purchase. Typically, they
tend to be synthesised in-house, and with the number of ionic liquids increasing the
variety of methods in which to produce them has grown.
Many of the common ionic liquids are synthesised in a two-staged process. Initially,
the cation is prepared by alkylation using an appropriate pre-cursor or halogenoalkane.
Secondly, the desired anion is then exchanged with the unwanted halide anion via
anion metathesis or by treating the halide salt with a Lewis acid [64]. The synthesis
of 1-methyl-3-ethylimidazolium bis(trifluoromethylsulfonyl)imide is demonstrated in
Fig. 4.11.
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Figure 4.11: Synthesis of 1-methyl-3-ethylimidazolium bis(trifluoromethylsulfonyl)imide via
alkylation (1) and anion metathesis (2)
Numerous ionic liquids can be synthesised with this scheme via the use of various
organic salts and inorganic anion sources. However, the undesired halide salt can taint
the ionic liquid product even following purification steps. Consequently, akyl-sulfates
have been used in place of halogenalkanes as alkylating agents [65]. The main aim
of all anion-exchange reactions is to produce an ionic liquid uncontaminated with
undesired cations or anions.
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Physical absorption of CO2
Physical absorption of CO2 does not require additional functional groups to be
attached to the ionic liquid, therefore effective absorption is primarily dictated by
temperature and pressure [66]. Typically, conventional ionic liquids (relying on
physical absorption mechanisms) show excellent CO2 capacity at high pressures
(>10 bar) but diminished absorption in ambient conditions [67, 63]. While many
ionic liquids have been assessed for their CO2 solubility (ammonium-, phosphonium-,
pyridinium-based), imidazolium-based ionic liquids have demonstrated a remarkable
propensity to absorb CO2 [68]. It is thought that the anion plays a dominant role in
defining the CO2 absorption ability of the ionic liquid. Two ionic liquids with the same
cation (1-alkyl-3-methylimidazolium) but with different anions (tetrafluoroborate
(BF4), hexaflourophosphate (PF6) were subjected to high pressure CO2, to investigate
the quantity of absorption [69]. Their results demonstrated a 40% difference in CO2
absorption between the two ionic liquids, where it was speculated that CO2 molecules
organised themselves strongly around the anion. This idea was extended further to
assess a range of anions for their capacity to dissolve CO2 [70]. The anions were
paired with the cation 1-butyl-3-methylimidazolium (Bmim) to produce the following
order of increasing CO2 solubility: nitrate < dicyanamide < methylsulfate < [BF4]
< [PF6] < triflate < bis(trifluoromethylsulfonyl)imide ([Tf2N]) < methide. It was
suggested that this observed interaction of CO2 with the anion could in part be due
to acid/base interplay. This theory was also proposed by Kazarian and colleagues
[69], where the results implied that [BF4] and [PF6] were acting as weak Lewis
bases towards the CO2. Furthermore, ionic liquids that contained fluorinated anions
inclined to show a larger CO2 solubility compared with non-fluorinated counterparts
[71]. Interestingly, the same study also showed that fluorinated cations did not
significantly improve CO2 solubility.
Nevertheless, CO2-anion interactions can not be the only mechanism that influences
CO2 absorption, as the solubility in ionic liquids comprised of [BF4] is less than
that in [Tf2N] [69], which is unexpected as [BF4] is a stronger Lewis base [72]. Thus
it has been suggested that the free volume between the ions may have an effect
on CO2 absorption. Molecular dynamics simulation studies have investigated the
size and structural variations of these cavities when the ionic liquid is exposed to
CO2. It has been shown that the fundamental structure of the ionic liquid was
not altered upon the addition of CO2, which was attributed to strong Coulombic
forces governing the solvents structure [68]. However, the formation of solvent cages,
often witnessed in standard solvent-solute interactions, in ionic liquids minimally
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disrupts the overall ion organisation after CO2 absorption, confirmed by the negligible
changes in the radial distribution functions (i.e. the change in molecular density
as a function of radius) [66]. Further simulation work has examined the role of
cation-anion interactions and their effect on CO2 solubility. Klahn and Seduraman
[66] demonstrated that a reduction in ionic cohesion induced larger distances between
the cations and anions enabling greater CO2 insertion. These local cavities were
considered a consequence of ionic size. As such, large, bulky cation-anion pairs
like 1-hexyl-3-methylimidazolium ([C6mim]) [Tf2N] presented more empty space
between ions and greater CO2 absorption than more compact configurations seen in
[Bmim][PF6] (Fig. 4.12). Nevertheless, the pre-formed cavities are not adequately
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Figure 4.12: Strong cohesion between cations (aqua) and anions (red) reduces the size and number
of spaces between molecules diminishing the ability for CO2 absorption, whereas larger, less cohesive
cation-anion pairs possess more cavities. Adapted from [66]
sized to accommodate a complete CO2 molecule, suggesting that the ionic liquid
undergoes small, localised ion expansion without disrupting the overall configuration
[66]. The proposed cavity theory as a mechanism for CO2 absorption explains the
dependence of anion selection seen by Aki et al [70] as methide was the largest anion
assessed and would demonstrate the greatest stearic repulsion.
While data has indicated that the cation does not play an important role in CO2
affinity, research from Aki et al. [70] showed that the length of the alkyl chain
found on the imidazolium ring does affect the solubility of CO2. The authors tested
CO2 solubility in [Tf2N] with 1-n-3-methylimidazolium for n = butyl, hexyl, and
octyl. The results demonstrated that solubility increased with a greater alkyl chain
length. Further alterations of the imidazolium ring have also been assessed for
their effect on CO2 solubility. Methyl group substitution of the protic hydrogen at
the C2 position did not alter the solubility of CO2 at pressures up to 13 bar [68].
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However, for pressures exceeding 100 bar, removal of the protic hydrogen negatively
affected CO2 absorption [70]. Although an effect of CO2 solubility has been noted
through imidazolium-based cation modifications, these influences are only secondary
compared with anion selection which dominates CO2 absorption [70, 68, 72].
As previously mentioned, physio-chemical properties of ionic liquids can be modulated
simply through appropriate anion/cation selection, influencing CO2 absorption.
However, in addition to effects of CO2 dissolution, the anion and cation pair also
determine the ionic liquid’s hydrophilicty. Similar to CO2 absorption, the anion
has been found to play a more significant role [73]. Halide-, nitrate-, methyl-, and
sulfonate-based anions aid water miscibility while [PF6] and [Tf2N] resist mixing with
water [74]. Anions with a high charge density in a small volume (e.g. [BF4]) form
anion-water-anion hydrogen bond complexes [75] since water exhibits preferential
interaction with anions as they are competitively smaller than cations and present
greater surface charges [76]. These interactions would indicate that the primary
mechanism for water miscibility in ionic liquids is electrostatics.
Although not a significant contributor to ionic liquid hydrophilicty, the physio-
chemical nature of the cation can also influence the miscibility of water in ionic
liquids. Experimental [77] and molecular simulation data [78] have demonstrated
that an increased alkyl chain length on the imidazolium ring deceases the mutual
solubilities between water and ionic liquid. The hydrophobicity caused by the greater
alkyl chain length has been shown not to be caused by interference with hydrogen
bonds formed between anions and water, thus not to interrupt the primary mechanism
of water miscibility. Nevertheless, it has been suggested that the increase in alkyl
chain length decreases the space around the imidazolium ring, which is relatively
polar in comparison to alkyl chains, reducing water solubility of the ionic liquid
[79]. The same study also indicated that an increase in alkyl side chain length up to
6 carbons significantly reduced water solubility for each additional CH2 group for
[Cnmim][Tf2N]. However, further CH2 groups did not demonstrate such dramatic
decreases in water miscibility.
Physical CO2 absorption in ionic liquids greatly depends on the cavities found
between the cation and anion. In order to maximise these spaces, and thus CO2
absorption, the ions should be large to increase inter-ionic repulsive interactions,
reducing ion density and increasing regions of unoccupied space.
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Chemical absorption of CO2
In chemical absorption, CO2 reacts with the ionic liquid generally offering greater
solubility than ionic liquids which operate via pure physical absorption. Typically,
these molten salts are tailored to a specific purpose via the introduction of a functional
group. Termed task-specific, these ionic liquids have been applied to CO2 absorption
through the integration of functional groups such as amines, acetates and cyanates
[66, 64].
The addition of a primary amine moeity to an imidazolium based ionic liquid
demonstrated a 7.4% mass increase following a 3 h exposure to dry CO2 at 1 atm
which far exceeds the 0.088% shown by a similar structured conventional ionic
liquid. Additionally, the task-specific ionic liquid was able to maintain the same
absorption efficiency following 5 regeneration cycles [80]. This work has led to the
development of further amine-functionalised ionic liquids [81], which have been applied
to prototype CO2 gas separation membrane technologies [82, 83]. Operationally, task-
specific ionic liquids sequester CO2 in a similar mechanism to standard alkanoamines
(Section 4.2.1).
Although task-specific ionic liquids designed for CO2 absorption outperform their
standard counterparts, they do however require prolonged periods (∼3 h) at tem-
peratures in excess of 100◦C while under vacuum to regenerate their absorption
efficiency [80].
Ionogels
Although ionic liquids demonstrate the ability to absorb CO2, these materials are
naturally in the liquid phase at room temperature, and as such, would not adhere to
the optical fibre in an organised structure. The ability to immobilise ionic liquids while
maintaining their desired properties has been accomplished through the formation of
ionic liquid gels, or ionogels.
Ionogels can be formed by inorganic, organic or a hybrid organic-inorganic synthesis
[84]. Using the former category, single-walled carbon nanotubes were ground with
various imidazolium based ionic liquids to form a gelatinous material which can be
moulded into a desired shape yet retain ion-conductivity [85]. Additionally, ionic
liquids have also been immobilised within carbon nanotubes producing ionic liquid
crystals with a melting point of 200◦C [86]. Although these techniques can stabilise
ionic liquids, processing them with carbon nanotubes is a difficult method. For
further detail on inorganic and hybrid ionogels see reference [84].
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The formation of organic ionogels through the addition of low molecular-weight
organic gelators (LMOGs) has allowed the simple production of physically stable,
room temperature gels. Low loading of these small molecules can gel large volumes
of liquid via physical bonding such as van der Waals forces, pi-pi bond stacking and
hydrogen bonding [87]. Kimizuka and colleagues [88] were able to create ionogels
through heating and cooling amolose with imidizolium based ionic liquids to form
a stable ionogel at room temperature. Utilising this approach, Voss et al. [89]
fabricated an ionogel for gas separation using the ionic liquid [C6mim][Tf2N] (which
has demonstrated CO2 affinity) and the LMOG 12-hydroxystearic acid (known for
its ability to gel nonpolar solvents). The ionogel exhibited comparable levels to
pure [C6mim][Tf2N] in CO2 solubility (2.68 and 2.1 cm3·atm·ml−1 respectively). The
addition of LMOG to the ionic liquid created a stable soft gel that did not flow
(under gravity) and could be thermally reversed. Organic ionogels are formed via
percolation of the LMOG through the ionic liquid, subsequently immobilising the
molten salt via formation of a fibrous, non-covalent network structure [90]. Although
this technique provides a stable gel, mild elevations in temperature (∼70◦C) cause a
gel-to-sol transition to occur thus limiting the real-world applications of this method.
4.2.6 Summary of CO2 sensitive materials
The sole use of alkanoamines is not feasible for this project since they are in liquid
phase and require the input of large amounts of energy to regenerate. Nevertheless,
these amine-rich chemicals are easily acquirable commercially and can be immobilised
onto solid supports (e.g. OMS) in order to provide a viable option for the fibre-based
CO2 sensor. In addition, non-aqueous polyamines could also be incorporated as
part of an ESA derived coating. However, OMS, zeolites, and MOFs all suffer from
humidity mediated CO2 absorption inhibition, reducing their suitability as the LPG
coating material for the CO2 sensor here. Ionics liquids have the potential to be
an ideal coating material as they possess the ability to absorb CO2 yet display
hydrophobic properties and can be stabilised through the formation of ionogels. The
greatest drawback regarding their suitability for this project is whether ionic liquids
will display a refractive index change following the uptake of CO2.
4.3 Summary and conclusion
Descriptions of the 4 major optical fibre coating techniques have been outlined in
Section 4.1. A review of potential CO2 sensitive materials have also been discussed
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in Section 4.2, where a concise summary of the main attributes of these materials
are presented in Table 4.1. Following this review, it is clear that ionic liquids
possess many qualities desirable in the coating material of a CO2 sensor (CO2
solubility, adaptable secondary properties, capable of being regenerated, able to
form a stable gel structure). Therefore, the ionic liquid 1-hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([C6mim][Tf2N]) was chosen as the CO2 sensitive
material for the LPG-based CO2 sensor based on the aforementioned attributes,
its hydrophobic nature, and that it is commercial available (since the Centre for
Engineering Photonics does not have access to the necessary equipment required to
synthesis ionic liquids).
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Table 4.1: Comparison of CO2 sensitive materials for potential use as a fibre coating. Abbreviations:
Metal organic frameworks (MOFs), Advantage (+), Disadvantage (−)
Material Notes
Alkanoamines (+) Minimal preparation required
(−) High temperatures and/or vacuum for regeneration
(−) Not suitable in aqueous form for fibre coating
Mesoporous silica (+) CO2 uptake enhanced by the presence of water
(−) Naturally presents low CO2 adsorption capacity -
must be augmented with CO2 functional groups
(−) Structural degradation in humidity at elevated
temperatures (100◦C)
Zeolites (+) High thermal stability (∼700◦C)
(+) Favourable CO2 adsorption kinetics at ambient
temperatures and pressures (0 - 100◦C, 0.1 - 1.0 bar)
(−) CO2 uptake inhibited in the presence of water
MOFs (+) Properties (pore size, pore volume, metal ion) can
be tailored for specific requirements
(+) Excellent CO2 adsorption at high pressures
(−) Framework susceptible to hydrolysis
Ionic liquids (+) Large CO2 absorption capacity at high pressures
(+) Properties of liquid (hydrophobicity, CO2 affinity)
can be easily adapted through different ion combina-
tions
(+) May present hydrophobicity and CO2 affinity sim-
ultaneously without post-treatment
(+) Formation of stable matrix possible while main-
taining initial properties
(−) Conventional ionic liquids show low CO2 solubility
(∼0.4 wt%) at ambient temperatures and pressures
(−) Synthesis requires equipment not available in the
Centre for Engineering Photonics laboratories
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Chapter 5
Fabrication of LPGs at the phase
matching turning point
The fabrication of the LPGs used throughout this work was accomplished via the
point-by-point method using UV irradiation. As discussed in Section 3.5.2, this
particular manufacturing scheme provides flexibility in the choice of LPG fabrication
parameters, and is ideally suited for tailoring the periodicity to the requirements
of a particular application without the need for numerous amplitude masks. The
Engineering Photonics centre within Cranfield University uses the overwrite variation
of the point-by-point fabrication technique [1]. This technique is based on the index
modulation amplitude dependence of the phase matching in LPGs and allows features
of the LPG transmission spectra to be tuned to desired wavelengths. Although
the overwrite technique was conceived and preliminarily functional prior to the
start of this project, part of the work presented in this thesis was concerned with
validation and optimisation of the implementation of this process and therefore, a
full description of the fabrication system and working principle is provided.
LPG-based sensors typically desire the grating to possess the greatest sensitivity
possible to a particular measurand (LP mode dependant), which is often achieved by
exploiting the PMTP. Nevertheless, this requires preliminary numerical modelling to
identiofy a suitable period and a fabrication system that reliably produces LPGs.
It is therefore necessary that the repeatability of the overwrite system is assessed.
Additionally, accurate numerical modelling of specialist fibres is difficult (see Sec-
tion 3.3), therefore an investigation into an empirically derived method for designing
LPGs for the use as sensors would aid future fabrication of these in-fibre devices in
this project.
The first section of the chapter summarises the overwrite method. This includes
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a description of the working principle, the components utilised in the fabrication
system and a brief outline of the software used to control the procedure. The second
section presents data from a study of the repeatability of LPGs manufactured using
the overwrite method and highlights the ability this technique provides for tailoring
LPG spectra. The final section demonstrates a novel application of the overwrite
method in which the wavelengths and period at which the PMTPs of a number of
cladding modes are accessed have been experimentally determined.
5.1 The overwrite method
A diagrammatic representation of the LPG fabrication system can be seen in Fig. 5.1.
A photosensitive fibre with a plastic jacket free section is attached to an aluminium
Broadband source Spectrometer
Translation stage
Optical fibre
Mechanical slit
Translational lensBeam splitter
UV laser
Beam dump
Aluminium frame
Figure 5.1: Layout of the LPG fabrication system
fibre holder in v-grooves by means of small magnetic strips. The fibre is interrogated
throughout the fabrication procedure via the use of a fibre-coupled broadband
source (LS-1, Ocean Optics) and a CCD spectrometer (S2000, Ocean Optics) with a
detection range of 550 - 1100 nm and a resolution of 0.36 nm. The aluminium frame
is attached to a translation stage (M150.11, PI), control of which allows selection of
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the grating period. The stage has a motion range of 49 mm at a resolution of 25 nm.
The secured fibre is positioned directly behind (∼1 mm) an in-house manufactured
mechanical slit which governs the irradiation duty cycle. The mechanical slit is
comprised of two copper plates that are forced apart in unison by a tapered dowel
in order to create the desired aperture. The slit was initially made of steel plates,
however, during preliminary work, it was observed that these suffered severe UV
ablation damage and were therefore replaced with copper which possess a greater UV
ablation threshold [2]. The dowel’s movement was controlled by a translation stage
(M110.1DG, PI) which possessed a resolution of 7 nm and a maximum travel distance
of 5 mm. UV irradiation was produced by a 10 Hz frequency quadrupled Nd:YAG
laser operating at 266 nm (Quanta-Ray, Spectra Physics), where the output was
guided to the fibre via a 50:50 beam splitter (Melles Griot) followed by a translatable
bi-convex focussing lens with a 100 mm focal length (LB4941, Thorlabs) in order to
govern the power density experienced by the fibre.
Unlike the standard point-by-point scheme, where each period is subjected to its
total UV irradiation in one exposure (detailed in Section 3.5.2), the overwrite method
builds up the UV mediated refractive index change over a number of repeat cycles.
Initially, a section of the fibre experiences a short burst (generally 5 s) of UV
irradiation prior to the fibre being translated orthogonally to the incident beam by
a distance equal to the required period. This is repeated until the desired grating
length has been achieved, where upon completion, the translation stage is returned
to its starting location and the process is repeated until the transmission features are
located at the desired wavelengths. For each exposure, the mechanical slit is opened
for the elected irradiation time and closed during fibre translation, thus ensuring that
only the intended portion of the fibre receives UV radiation. This procedure has the
advantage that the LPG resonance bands’ wavelengths and attenuation magnitudes
can be finely tuned by varying the number of irradiation cycles and exposure time
the fibre experiences. Nevertheless, the overwrite method is more time consuming
than the standard point-by-point technique due to the additional translation stage
movement accrued via the method’s cyclic nature (typically around 2 h longer).
The overwrite method exploits the relationship between attenuation bands’ central
wavelengths and core index modulation amplitude. The phase matching expression
(Equation 3.3) can be modified to consider this influence [3],
λ(x) =
(ncore + δncore − nclad(x) − δnclad)Λ
N
(5.1)
where δncore and δnclad refer to the average index modulation over the entire grating
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length for the core and cladding respectively. δnclad is assumed to be zero throughout
the fabrication process due the lack of photosensitive dopants present in the cladding.
As δn is dependent on the UV dose, control of resonance band wavelength can be
tuned by varying the number of short UV exposures or by altering the intensity of
the pulses the grating is subjected to [3].
During this work, the LPG fabrication system was partially automated with both
the slit and translation stage controlled via a custom designed LabView program,
where a flowchart demonstrating the operating principle for the fabrication of a
uniform period LPG can be seen in Fig. 5.2. To monitor the evolution of the LPGs
transmission spectrum during fabrication, the spectrometer was also linked to the
LabView program, providing a live feed of the transmission spectra and the ability
to save the spectrum following each fabrication cycle.
5.2 Repeatability of overwrite fabrication system
As with any manufacturing process, the ability to reliably create a product is an
important aspect. Minimisation of device-to-device variability in the LPG fabrication
system allows for greater automation and provides a method of consistently producing
gratings with specific resonance band wavelengths and attenuation intensity. It was
therefore essential that the repeatability of the current LPG system was determined.
5.2.1 Method
To assess the repeatability of the overwrite method, 3 LPGs of 40 mm length and a
nominal period of 174 µm with a 50% duty cycle were fabricated in B-Ge co-doped
photosensitive optical fibre (PS750, Fibercore) on different days using 6 overwrite
cycles and a UV exposure time of 5 s (where exposure time signifies the duration
of UV irradiation applied to fibre at each period). To prepare the fibre for LPG
fabrication, a 45±2 mm section of the protective plastic jacket was mechanically
removed from a 2 m length of optical fibre using fibre strippers (JIC 375, Jonard
Tools). This length of grating (40 mm) was used throughout the thesis as it offers a
compromise between maximising the depth of attenuation features by using a longer
grating (see Equation 3.4) yet maintaining enough protective jacket to minimise fibre
fragility. The newly exposed cladding surface was wiped with lens tissue saturated
in isopropyl alcohol (IPA). Finally, both ends of the fibre were cleaved using a FKII
cleaver (PK Technology) and inserted into bare fibre adaptors with SMA connectors
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Figure 5.2: Flowchart of the program used to fabricate LPGs using the overwrite method
(F-AM-SMA, Newport) for attachment to the broadband source and spectrometer.
The Nd:YAG laser was allowed to stabilise (generally taking ∼1 h) before the power
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was measured via a laser power meter (AN/2, Ophir) located after the beam splitter.
Stability of the laser is necessary to ensure a pseudo-Gaussian beam distribution
and thus a steady power output. Typically, a power of 220 mW (at a wavelength of
266 nm) was achieved which fluctuated by ±10 mW during the fabrication process.
The power reading was used to inform the position of the translational lens in order
to obtain an approximate power density of 14 mW·mm−2 onto the fibre. Higher
power densities have been found to negatively affect the fibre’s mechanical strength,
increasing its susceptibility to breakages [4]. Throughout the fabrication process, the
laboratory environment was maintained at 20±2◦C via air conditioning.
In order to compensate for wavelength and intensity variations derived through fibre
coupling efficiencies, spectral data for each LPG was normalised to its related baseline
spectrum (pre-irradiation) by (IF (λ)/IB(λ))× 100 where IF (λ) and IB(λ) are the
final (cycle 6) and baseline spectra associated intensities respectively. The central
wavelengths and intensities of attenuation bands were determined using Spectrum
Interrogation Routine software [5]. This peak tracking software functions by fitting
a quadratic polynomial to sequential data points in order to identify the peaks in
the spectrum. Once identified, the algorithm predicts the location of the peak in the
next spectrum based on the position of the previous peaks of a particular feature. If
the peak is within 5% of the predicted location, this value is then associated with
this feature, resulting in a list of positions (in this case a wavelengths) for every
feature within the set of spectra.
5.2.2 Results and discussion
A plot showing the 3 LPG spectra fabricated is presented in Fig. 5.3. It is clear
from an initial inspection of Fig. 5.3 that the attenuation bands of LP10 - LP14
demonstrate similar central wavelengths for all the fabricated LPGs. However,
as the LP mode number increases, the variability in central wavelengths between
each LPG also increases. Quantitatively, this equates to a maximum wavelength
difference of 0.71 nm and 4.11 nm for attenuation bands LP09 and LP14, respectively.
This result is not unexpected as resonance bands coupling to LP modes nearer
to their PMTP demonstrate greater sensitivity to changes in the phase matching
condition, induced in the core during fabrication, than modes operating away from
the PMTP [6]. Furthermore, these wavelength deviations are also likely to be
caused by temperature fluctuations in the laboratory environment. Wong et al.
[6] demonstrated that changes in temperature produce dramatic alterations in
attenuation band characteristics, where a temperature variation of 5◦C produced
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a 28.7% extinction change in LP19 which was operating at the PMTP. Since the
laboratory temperature was maintained to 20±2◦C and LPGs fabricated in B-Ge
codoped fibre possess temperature sensitivities up to 2.75 nm·C−1 [7], it is feasible
that the differences in central wavelength of the attenuation feature associated with
LP14 was induced purely by temperature. Therefore, the reliability of the fabrication
process would be improved by minimising temperature fluctuations. This could be
achieved by containing the system in an insulated enclosure (as described in [6]) or
via utilisation of an enclosure that possesses a temperature control feedback system.
In comparison to the single exposure technique, the overwrite method provides
greater repeatability, where LPGs produced using the same fabrication parameters
(period, grating length, duty cycle) possessed attenuation features associated with
LP14 that differed by 4.11 nm (Fig. 5.3) whereas the single exposure technique
produced gratings with resonance features that varied by 10 nm [1].
Δ12%
LP14
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LP09
Figure 5.3: Transmission spectra of three 40 mm long LPGs fabricated on separate days all with
a period of 174 µm
Although the resonance bands are aligned closely in wavelength, there is a large
discrepancy in attenuation, where, for LP14, an intensity difference of 12% can
be seen. This variation is conceivably due to laser power fluctuation during the
fabrication process and slight disparity in fibre dopant concentrations. It should
be noted that all 3 fabricated LPGs contain smaller attenuation bands located at
∼710 and ∼860 nm. These bands correspond to 2nd order coupling between core
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and cladding modes, which will be discussed in greater detail in Chapter 6 and to a
lesser extent, the following section.
While the data presented in Fig. 5.3 shows the overwrite method can be used to
reliably create LPGs with the same period, the real strength of this scheme is the
ability to produce LPGs with repeatable spectral characteristics by stopping the
fabrication process once an attenuation band has achieved the desired wavelength.
This can be seen in Fig. 5.4, where two LPGs with periods of 113.0 and 113.2 µm
have dual attenuation bands corresponding to LP19 at the same central wavelengths
(within 0.4 nm of each other). This has been achieved by exposing the LPG with
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Figure 5.4: Transmission spectra of two 40 mm long LPGs with periods of 113.0 and 113.2 µm that
have been fabricated using the overwrite method such that the attenuation bands corresponding to
LP19 have identical wavelengths
the shorter period (113.0 µm) to a greater number of exposure cycles (9), thereby
increasing the average index modulation resulting in a resonance wavelength shift
(Equation 5.1). It can also be seen in Fig. 5.4 that the increased number of irradiation
cycles experienced by the LPG with a period of 113.0 µm produced resonance features
with greater attenuation in comparison to the LPG that received 5 cycles (113.0
µm). Again, this disparity is produced from the larger average index modulation
experienced by the LPG with a period of 113.2 µm (Equation 3.4).
Generally, LPGs are defined by their length, period and, occasionally, their duty cycle.
However, the data presented in Fig. 5.4 demonstrates that the amplitude of the index
modulation is also a key parameter in defining LPGs and can be exploited to fabricate
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gratings that possess resonance features at desired wavelengths. Furthermore, by
selecting a shorter period than required to produce attenuation features at specific
wavelengths and increasing the number of exposure cycles, it is possible to obtain an
LPG with resonance bands at greater depths yet are still located at the appropriate
wavelengths (as can been seen in Fig. 5.4). This is of particular use for LPGs that
require thick coatings (e.g. for chemical sensing) that would otherwise cause a
complete loss in attenuation of the resonance bands. Additionally, this fabrication
method allows LPGs to be reliably produced regardless of temperature fluctuations
since the process is terminated once the transmission features posses the desired
wavelength and not following a set number of cycles.
5.3 Experimental determination of phase match-
ing turning points
Many LPG sensing applications require the in-fibre element to function at its
greatest sensitivity within the detectable range of an interrogation unit. This is
often attained by fabricating an LPG which possesses a mode operating at its
PMTP (see Section 3.6.1), where the appropriate period required for this to occur
is chosen based upon numerical modelling (see Section 3.3.1). However, data on
the fibre’s parameters (core and cladding refractive indices/radii) are not known
with sufficient accuracy for precise attenuation band wavelength prediction, thus,
numerical models are not always accurate and do not necessarily portray all the
spectral features present. The technique proposed in this section aims to alleviate
these issues through the combination of a reliable LPG fabrication system and a
novel method for representing the subsequently manufactured LPGs spectra. It was
therefore the aim of this experiment to demonstrate this method by identifying all
the PMTPs that can be accessed using PS750 when the period is varied in the range
of 100 - 200 µm.
5.3.1 Method
In order to identify an appropriate period to initiate fabrication, phase matching
curves were generated using the method outlined in Section 3.3 and utilised as a guide.
The preparation of the optical fibres and the pre-fabrication procedures utilised were
described in Section 5.2.1. To identify the PMTP for each LP mode, an LPG was
fabricated with a period equal to that mode’s turning point as displayed in Fig. 3.5.
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The resulting transmission spectrum was subsequently used to inform the period of
the next LPG by either determining the difference in wavelength between the dual
resonance bands of the LP mode in question, or, in the case for larger periods where
the attenuation band of the dual resonance with a longer wavelength was located
outside the spectrometer’s wavelength range, the width of the remaining attenuation
band was used (where a wider attenuation band or shorter wavelength difference
indicated closer proximity to the PMTP). Once the period had been identified at
which the PMTP could be observed, the process was repeated for each LP mode
shown in Fig. 3.5 resulting in the manufacture of 67 LPGs, each fabricated with a
50% duty cycle using 6 cycles of 5 s exposure time. LP modes were identified using
numerically modelled phase matching curves.
5.3.2 Results and discussion
All experimental transmission spectra of the fabricated LPGs were combined and
subsequently processed into a single intensity plot (Fig. 5.5). To aid comparisons
between the modelled and empirical data in Fig. 5.5, the theoretical phase matching
curves presented in Fig. 3.5 have been superimposed over the experimental data.
The resonance features in Fig. 5.5 (the red bands) demonstrate a similar form to the
theoretical phase matching curves which both show that 8 turning points are present
within the 100 - 200 µm range. Additionally, the gradient of the resonance bands in
Fig. 5.5 decreases with increasing LP mode number, which is in agreement with the
theoretical model. Nevertheless, it is clear that there is a discrepancy between the
experimental data and numerical model regarding the periodicity at which PMTPs
can be observed and the wavelength at which these features are apparent. According
to the numerical model, a period of 194 µm will produce an LPG that couples to the
turning point of LP13, however, the experimental data shows that in fact a period of
197 µm is required to couple to the PMTP of the aforementioned cladding mode.
This difference to the theoretical model in determining the periodicity which governs
the coupling to PMTPs can be noted for all turning points displayed in Fig. 5.5.
Furthermore, there is a stark difference in the evolution of the phase matching curves
between the theoretical and empirical data. For example, the gradient of the curve
associated with LP16 is dramatically steeper in the experimental data in comparison
to its theoretical counterpart, resulting in large deviations in period selection towards
the fibre’s cut-off wavelength (∆8 µm at 700 nm). This is of particular importance
when designing LPGs that will receive a coating, since the grating is fabricated with
resonance features operating away from the PMTP in order have attenuation bands
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functioning at this highly sensitive region post-deposition.
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Figure 5.5: Intensity plot illustrating resonance bands operating at the PMTP for LPGs with
periods between 100 - 200 µm. Numerically modelled data has been overlaid (green lines). The
highlighted area indicates the presence of a PMTP associated with higher order coupling. Dotted
lines are visual aids only. Yellow and red represent 100% and 74% transmission respectively
There are a number of explanations for the differences noted between the experimental
data and the numerically derived phase matching curves. The fabrication of LPGs
near the PMTP are highly sensitive to changes in grating period, where a difference
of 0.6 µm can result in a 45 nm change in the separation of dual attenuation bands
[6]. Since the resonance wavelength of an LPG is highly dependant on period,
the linear relationship described in Equation 3.3 implies that it is also extremely
sensitive to changes to the refractive index of the core and cladding when operating
at the PMTP. This can be seen in the modelled data of Fig. 5.6, where a 1× 10−4
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change in the core’s refractive index changes the period at which to couple to the
PMTP of LP14 by 3 µm. Unlike standard optical fibre (e.g. SMF28), the core and
cladding refractive indices of PS750 are not well known and, from experience, can
vary from batch-to-batch (fabricating LPGs in different fibre batches using the same
fabrication parameters resulted in different spectra). This makes it difficult to obtain
suitable values for the refractive index of the core and cladding required for accurate
numerical modelling without employing additional techniques, such as refracted
near-field [8], to determine the refractive index profile of the fibre. Furthermore,
variations in temperature during the fabrication process and the degree of strain
applied to the optical fibre when attaching it to the aluminium fibre holder may
have also contributed to the disparity between the results presented in Fig. 5.5.
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Figure 5.6: Two phase matching curves for LP14 calculated using refractive index values for n1
that vary by only 1× 10−4
The process of presenting the sequentially fabricated LPGs transmission spectra
as intensity plots not only allows for fast recognition of PMTPs but also provides
advantages for designing coated LPG sensors. The technique of applying a coating
to an LPG to improve the sensitivity and selectivity to a particular chemical analyte
is commonly used (see Section 3.4.4), where it is often desired that the LPG displays
spectral features that operate at the PMTP or the mode transition region following
deposition to maximise the device’s sensitivity [9]. To achieve this, an LPG is
fabricated using a period with an offset in order to compensate for spectral shifts
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induced through the application of a coating. An efficient method to select this
initial period is to employ numerical modelling. Nevertheless, the thickness and
refractive index of the coating are not always known with the required precision for
accurate modelling to be conducted and therefore the period must be estimated.
Since Fig. 5.5 displays the evolution of the resonance features, it is possible to use
transmission spectra data displayed in this manner to select a suitable period prior
to coating. Furthermore, once the data in Fig. 5.5 has been obtained, it can be
adapted for variations in different optical fibre batches by fabricating an LPG in
the new fibre using the same fabrication parameters thus, by using the difference
between the original spectrum and the newly manufactured LPG, the intensity plot
can be translated accordingly.
LP14
LP22
Figure 5.7: Intensity plot of 2nd order PMTP formation. Yellow and red represent 100 and 82%
transmission respectively
118 Chapter 5. Fabrication of LPGs at the phase matching turning point
In addition to the aforementioned advantageous provided by mapping sequential LPG
transmission spectra as an intensity plot, it also provides an insight into additional
spectral features. A closer inspection of Fig. 5.5 reveals that another, less distinct
attenuation band can be observed for periods of 166 - 176 µm (Fig. 5.7). It is
speculated that this feature is associated with higher order coupling. By generating
phase matching curves to include 2nd order diffraction (Fig. 5.8), a clear comparison
can be made between Fig. 5.7 and Fig. 5.8. However, similar to the 1st order (or
fundamental) resonance features, a difference in feature location and associated
period between the theoretical model and the experimental data also exists.
LP22
LP14
Figure 5.8: Numerically modelled phase matching curves for periods of 167 - 176 µm depicting
both 1st (blue) and 2nd (red) order diffraction
The dual attenuation bands of the 2nd feature can be seen drawing closer together in
wavelength as the pitch increases, where upon reaching a period of 175.55 µm, the res-
onance bands coalesce at the PMTP, centred around ∼785 nm (Fig. 5.7). In contrast
to previous work [10], the 2nd order resonance bands possess diminished attenuation
in comparison to features associated with fundamental diffraction, demonstrating less
efficient coupling to their associated cladding modes. As depicted in Fig. 5.8, the 2nd
order attenuation band is produced by coupling to LP22, which is of higher order than
the mode related to the nearest 1st order resonance feature (LP14). Higher order LP
modes demonstrate greater sensitivity to surrounding refractive index perturbations
[11], therefore by utilising higher order diffraction, it is possible to couple to these
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sensitivity enhanced modes at periods which produce features visible in the operating
range of a CCD spectrometer.
As discussed in Section 3.7, LPGs are able to perform multi-parameter sensing
through monitoring wavelength shifts in resonance bands associated with different
LP modes. One method for attaining this was proposed by Allsop et al. [10],
where the authors used higher order diffraction features in order to obtain the
differential behaviour required to distinguish between two measurands. Although
multi-parameter sensing was achieved, it could be possible to augment this technique
by improving sensitivity through coupling both 1st and 2nd order resonance features
at the PMTP. In Fig. 5.7, it can be seen that fabricating an LPG with a period of
175.5 µm, it would be possible to couple the PMTP of the 2nd order feature (LP22)
and near the PMTP of the 1st order band (LP14). By utilising the sensitive PMTP,
sensitivity to physical parameters (temperature, strain, refractive index) would be
enhanced.
173.00 μm
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2nd order coupling 
feature
Figure 5.9: Offset transmission spectra for LPGs with periods 173 - 176 µm demonstrating the
evolution of the PMTP for a 2nd order feature (highlighted in red) associated with LP22
However, it should be stated that wavelength tracking of 2nd order attenuation bands
required for sensing has some additional problems. Fig. 5.9 shows the evolution of
the 2nd order attenuation band as it forms the PMTP. At 175 µm, the 2nd order
feature coalesces with the 1st order attenuation band (∼810 nm), thus potentially
creating difficulty in tracking the exact wavelength of the 2nd order band. One simple
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solution would be to fabricate the LPG in such a way that the feature remains
between other bands for its entire sensing range thus avoiding the issue completely.
A more complex approach would be to monitor both wavelength and intensity of
the visible features. The merging of two resonance bands produces an attenuation
change, therefore, by monitoring the relative intensities prior to coalescing, inference
of the 2nd order feature’s wavelength could be accomplished. Nevertheless, the former
method is a suitable approach for sensing situations in which small wavelength shifts
occur.
5.4 Summary and conclusion
The fabrication of LPGs using the overwrite method has been demonstrated to be a
repeatable process, where in Section 5.2 gratings written using identical parameters
(period, duty cycle etc.) with a set number of UV exposure cycles produced LPGs
with attenuation features that were within ∼4 nm of each other. Furthermore, by
employing the overwrite method, it is possible to create two LPGs with different
periods but that possess attenuation features with near-identical central wavelengths
(within 0.4 nm) by utilising a different number of irradiation cycles. Using this method
will allow LPGs to be fabricated with attenuation bands at specific wavelengths,
which will be essential for optimising the grating during the development of the CO2
sensor. This will be paramount in creating a functional device since the application
of a coating material can severely alter the wavelength of the attenuation features
in the transmission spectrum and therefore the sensitivity of the CO2 sensor (see
Section 3.4.4 for details on the effect of applying a coating material to the surface of
an LPG).
The fabrication system has been implemented in a novel method for identifying the
period required to produce LPGs with features operating at the PMTP. The disparity
between the empirical and modelled data described in Section 5.3.2 highlights that
numerical modelling is not an appropriate substitute for identifying the period of
LPGs (required for obtaining a transmission spectrum with specific spectral features)
in non-standard optical fibre (i.e. PS750). Therefore, Fig. 5.5 can be used as a
look-up table in order to determine the period of the LPG prior to the fabrication of
any future gratings required for the CO2 sensor, therefore minimising the requirement
for additional UV exposure cycles, ensuring the fabrication process is more efficient.
Additionally, by presenting the transmission spectra of LPGs with sequential periods
in an intensity plot, the identification of 2nd order attenuation bands has been
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achieved. The PMTP of this higher order resonance feature was determined to be
accessible for LPGs with periods of 175.55 µm. Interestingly, using this period, it is
possible to obtain two distinct resonance features at different coupling orders that
operate near the PMTP. Since previous work has shown multi-parameter sensing is
achievable through the use of 1st and 2nd order attenuation features [10], by utilising
an LPG with a 175.55 µm period, the features associated with different coupling
orders operating at the PMTP may enhance the sensitivity of a multi-parameter
LPG sensor. Since LPGs possess inherent sensitivity to other external parameters
(i.e. temperature, strain), the use these features in the LPG-based CO2 sensor to
compensate for these cross-sensitivities would be desirable, as such, this area is
explored further in the following chapter.
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Chapter 6
Generation and characterisation of
2nd order resonance bands
In Chapter 5, LPGs with 2nd order resonance features operating at the PMTP were
observed. Higher order attenuation bands have been noted previously [1, 2] and have
been considered a hindrance through the production of undesired spectral features
[3]. Nevertheless, the fabrication parameters required to reliably produce higher
order coupling are not fully understood, where this information is not found in the
literature. Therefore, this chapter determines the key fabrication parameters that
govern the formation of 2nd order resonance.
The generation of 2nd order attenuation bands operating at the PMTP has the
potential to improve the sensitivity of multi-parameter sensing schemes which utilise
these features [1]. Previous LPG-based chemical sensors (kerosene) have shown a 40%
improvement in device sensitivity when using attenuation bands at the PMTP [4]
in comparison to resonance features which were not at the PMTP [5]. Additionally,
the 1st and 2nd order resonance features utilised in [1] for multi-parameter sensing
were interrogated over a large bandwidth (1000 nm) using an OSA. The results
presented in Section 5.3 indicate that it is possible to obtain an LPG spectrum
with both 1st and 2nd order coupling features within the detection range of a CCD
spectrometer (650 - 1000 nm). As LPG sensors are typically used in the detection of
temperature, strain or surrounding refractive index (or a combination of these), it
was therefore pertinent to characterise the sensitivity of an LPG that possessed both
1st and 2nd order resonance features at the PMTP to these measurands and assess
the ability of the LPG to discriminate between independent physical parameters
during simultaneous measurement.
This chapter initially concerns the fabrication parameters required to reliably produce
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an LPG that couple to higher order harmonics. This knowledge is then used to
fabricate an LPG which possessed both 1st and 2nd order spectral features operating
near the PMTP within the detectable range of a CCD spectrometer in order to
theoretically assess the ability to perform multi-parameter sensing with these features.
The response of the bands to temperature, strain and surrounding refractive index
are subsequently analysed. Finally, using the characterisation data, the LPG is
assessed theoretically for its capability in multi-parameter sensing using a range of
numerical methods.
6.1 Generation of 2nd order resonance bands
The fabrication of LPGs by UV exposure, whether using an amplitude mask or
the point-by-point method, produces an irradiation pattern that closely resembles
a square-wave [3]. The width of this square-wave is dictated by the duty cycle of
the LPG as a percentage of the grating’s periodicity. Generally, LPGs cited in
the literature use a duty cycle of 50% as this proportion of irradiation, although
rarely stated, provides the greatest coupling strength to the fundamental harmonic
of the period [6]. However, there has been minimal research conducted on optimising
coupling to 2nd order harmonics in LPGs.
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Figure 6.1: Harmonic content of sqaure-wave with a 50% duty cycle through the application of a
discrete Fourier transform
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To establish the harmonic content and coupling strength of a square-wave fabricated
LPG with a 50% duty cycle, a discrete Fourier transform was applied to this wave
form (Fig. 6.1) using a Python script (see Appendix B).
It is clear from Fig. 6.1 that a 50% duty cycle square wave does not have 2nd order
harmonic Fourier components, thus, as experimentally confirmed by Wong et al. [6]
for this duty cycle, 1st order coupling features of an LPG’s transmission spectrum
exhibit the highest coupling efficiency with no evidence of 2nd order coupling. The
lack of 2nd order harmonics present in a square-wave with a 50% duty cycle indicates
that duty cycle plays a profound effect in the generation of 2nd order coupling.
Nevertheless, there is currently no literature assessing the effect of varying the duty
cycle on the characteristics of LPGs. In order to further understand the effects duty
cycle has on harmonic coupling efficiency from an LPG, a Fourier transform was
applied to a square wave with duty cycles varying from 0 - 100%. The results were
subsequently analysed and displayed in Fig. 6.2 such that the intensities of 1st, 2nd,
3rd and 4th order harmonics are plotted as a function of duty cycle (see Appendix C
for the Python script).
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Figure 6.2: Intensity of the 1st, 2nd, 3rd and 4th order harmonics present in a square wave plotted
as a function of duty cycle. The vertical dotted lines act as a guide for the eye
The data presented in Fig. 6.2 shows that 1st order harmonics in a square wave
possess their greatest amplitude at a 50% duty cycle. Additionally, it can also be
seen in Fig. 6.2 that the maximum amplitude of 2nd order harmonics was observed
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at duty cycles of either 25% or 75%. Furthermore, there is a marked decrease in
amplitude as the harmonic order increases, where, even at duty cycles that optimise
the intensity of 3rd order harmonics (17%, 50% and 83%), the amplitude of these
features is less than that of 1st and 2nd order harmonics at their respective optimal
duty cycles.
It is expected that the harmonic order of attenuation features displayed by LPGs
fabricated using a square wave irradiation pattern will exhibit a similar dependency
on duty cycle as outlined in Fig. 6.2. Furthermore, the extinction strength of the
resonance features in LPGs will also correspond to the amplitude of the harmonic
order. For example, the greatest attenuation in 1st order attenuation bands of an
LPG would be expected at a 50% duty cycle as depicted in Fig. 6.2. Therefore, in
order to experimentally confirm this theory, an LPG which possessed a range of duty
cycles (0 - 100%) was fabricated.
6.1.1 Experimental procedure
The fabrication system used to produce the LPGs utilised in this experiment possessed
the same layout as detailed in Fig. 5.1, however, a number of the components were
updated. Firstly, the Spectra Physics source was replaced by a frequency-quadrupled
Nd:YAG laser operating at 266 nm (10 Hz repetition rate and 10 ns pulse width,
450 TRLi, Litron Ltd). The new laser provided improved beam quality, greater
power output control, and required less maintenance thereby reducing the amount of
time the system was off-line. Secondly, to maximise the power of UV irradiation,
a reflector (Thor Labs) was substituted in place of the beam splitter. Finally, the
copper plates used in the mechanical slit were replaced by ceramic plates (Macor™,
RS). The data presented in Section 5.3 showed that an LPG with a designated duty
cycle of 50% fabricated with the system incorporating the copper slit exhibited both
1st and 2nd order resonance features. Inspection of the copper plates used in the
mechanical slit indicated levels of UV mediated ablation forming a small opening
at the edge of the plate. These slight gaps in the copper edge permitted more of
the fibre to be exposed to UV thus inadvertently increasing the duty cycle. Since
Macor™ceramics possess a greater pulsed laser ablation threshold than copper [7],
it was therefore decided that by replacing the copper slits with ceramic, this UV
mediated ablation would be eradicated. The range of slit width provided by the new
ceramic plates was 1 - 1000 µm.
To efficiently produce transmission spectra of LPGs with a range of duty cycles from 0
- 100%, a single 40 mm long LPG with a period of 380 µm was fabricated. This period
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was selected based on generated phase matching curves (see Section 3.3.1), which
showed that 1st and 2nd order coupling features are visible within the wavelength
range of a CCD spectrometer. The LPG was written initially with a 5% duty cycle
using the overwrite method [8]. Following the 10th fabrication cycle, the translation
stage was returned to the initial position minus a length equivalent to that of 5%
of the period (19 µm). The addition of an offset allowed an LPG with a duty cycle
equivalent to 10% to be subsequently fabricated in the same section of optical fibre
(Fig. 6.3). This offset was added cumulatively following every 10th fabrication cycle,
until an LPG with a 100% duty cycle was manufactured. The transmission spectrum
was recorded following each fabrication cycle, producing a total of 10 spectra for 5%
increment in the duty cycle.
5%
10%
Optical fiber
Slit
UV beam
Irradiated section
15%
Duty cycle
Initial stage
position
Figure 6.3: Diagrammatic representation of the fabrication method used to create the single LPG.
The initial stage position is labelled to highlight the shift in stage position required to produce
spectra pertaining to 0 - 100% duty cycles with a single fibre
6.1.2 Results and discussion
The intensity plot presented in Fig. 6.4 shows the evolution of attenuation bands
in the transmission spectrum of the LPG as the duty cycle varied from 0 - 100%.
Although a total of 10 spectra were obtained for each duty cycle increment, only
the final spectrum from the last fabrication cycle was used in the generation of the
figure.
The resonance bands visible continuously between duty cycles of 5 - 90% correspond
to 1st order coupling to cladding modes LP2 - LP8, which correlate well with the 1st
order harmonics seen in the modelled data (Fig. 6.2) where the 1st order attenuation
band intensity varies with duty cycle. Additionally, both the experimental results
and the theoretical data show that the greatest attenuation of the 1st order resonance
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4th3rd 2nd 2nd
Figure 6.4: Intensity plot depicting the relationship between transmission and wavelength for 0 -
100% duty cycles for a 40 mm long LPG fabricated with a period of 380 µm. The 2nd, 3rd and, 4th
order coupling features have been identified, any other resonance bands are considered 1st order.
Red and yellow correspond to 75% and 100% transmission, respectively
bands is achieved by the selection of a 50% duty cycle.
In addition to the 1st order attenuation bands, less intense features are also notable
at wavelengths of 740 nm and 810 nm. These 2nd order harmonics are generated
optimally when a duty cycle of 25% or 75% is selected. The contribution of the
2nd order harmonic coupling diminishes around a duty cycle of 50%. This result is
mirrored in the Fourier analysis (Fig. 6.2) where, at 25% and 75% duty cycles, even
ordered harmonics provide their greatest contribution to the formation of the square
wave but diminish at a 50% duty cycle.
It is also possible to discern 3rd and 4th order attenuation bands in Fig. 6.4, visible at
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wavelengths of 700 and 940 nm, respectively. The duty cycles at which these features
are present in Fig. 6.4 is reflected in Fig. 6.2. While these features are observable, the
strength of the attenuation bands would make them difficult to track during sensor
operation. The absence of resonance bands corresponding to harmonics greater than
4th order in the transmission spectrum of the LPG is due to the diminished amplitude
of the higher order harmonics in the Fourier series of the square wave. In order to
observe these attenuation bands, a greater cumulative exposure period than was
utilized here would be required.
It can also be seen from Fig. 6.4 that the central wavelengths of the attenuation
2nd
3rd
2nd
Figure 6.5: Intensity plot depicting the relationship between transmission and wavelength for 0
- 100% duty cycles for a 40 mm long LPG fabricated with a period of 175 µm. The 2nd and 3rd
order coupling features have been identified, any other resonance bands are considered 1st order.
Red and yellow correspond to 85% and 100% transmission, respectively
132 Chapter 6. Generation and characterisation of 2nd order resonance bands
bands experience a wavelength shift throughout the fabrication procedure. This
is due to the attenuation band’s central wavelength being influenced by the total
amplitude of the refractive index change (see Section 5.1) where, in this case, the
cumulative UV exposure is created from each cycle.
Confirmation that the experimental technique employed here operated as intended
was achieved by extending the UV exposure to include a 100% duty cycle, such that
the entire 40 mm length experienced a uniform exposure and thus the resonance
bands would be expected to be absent from the resulting transmission spectrum.
This result can be clearly observed in Fig. 6.4.
Another LPG with a period of 175 µm was fabricated using the same procedures
outlined in Section 6.1.1 (with the 5% duty cycle was equal to 8.75 µm) in order to
confirm the results in an LPG with resonance features operating near the PMTP,
therefore more pertinent to sensor design.
The attenuation features displayed in Fig. 6.5 display a similar behaviour to the LPG
fabricated with a 380 µm period (Fig. 6.4), where the 1st order coupling features are
visible for duty cycles of 5-90% and 2nd order coupling features are not prominent
for a duty cycle of 50%. However, as the LPG was fabricated with a shorter period
(175 µm), 4th order coupling features are not present in the intensity plot of Fig. 6.5.
Since LPG transmission data is not used practically as intensity plots, a comparison
of the transmission spectra of the LPG with a 25% and a 50% duty cycle can be
seen in Fig. 6.6. The lack of a 2nd order feature in an LPG with a 50% duty cycle
(Fig. 6.6b) is apparent when compared to a grating fabricated with a 25% duty cycle
(Fig. 6.6a), where the 2nd order attenuation band has a central wavelength of 635
nm.
Although a 2nd order harmonic resonance band is evident in Fig. 6.6a, there is a clear
disparity in extinction between 1st and 2nd order features, where the attenuation of
the 1st order resonance bands is at least 2 times greater than that of the 2nd order.
Again, this result correlates well with the data presented in Fig. 6.2 which shows
that contributions from harmonics to generate a square wave decrease as the order
increases. This reduction in intensity however furthers the difficulty of identifying
2nd order attenuation bands in the transmission spectrum. Therefore, appropriate
selection of duty cycle (i.e. 25%) to ensure optimal coupling is essential for designing
LPGs that require 2nd order resonance bands.
It should be noted that there is a 5% offset in both Fig. 6.4 and Fig. 6.5, where the
greatest intensity of the 1st and 2nd order coupling features are shown to be at 45%
and 20% (rather than 50% and 25% as expected), respectively. This may be caused
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(a)
(b)
Figure 6.6: Transmission spectra comparing 25% (a) and 50% (b) duty cycles. The highlighted
region indicates where the 2nd order feature is visible for a 25% duty cycle and where it is missing
for a 50% duty cycle
by errors in the mechanical slit aperture. For example, the LPG fabricated with
a 380 µm period required a mechanical slit aperture of 19 µm for a 5% duty cycle.
However, even ±1 µm error would create an LPG with either a 95% or 105% duty
cycle following the final cycle in the fabrication process described in Section 6.1.1.
This error is introduced into the system through the calibration of the slit, which
involves measuring the width of the aperture using light microscopy at different
translation stage distances and producing a calibration curve. In standard LPG
fabrication, this error would not significantly influence the final spectrum, however,
since the method adopted here is a cumulative process, small errors in aperture width
can severely affect the behaviour of the transmission features. One alteration that
could be made to the fabrication system to improve the reliability of the aperture
mechanism would be to incorporate a shutter mechanism between the UV beam
and the mechanical slit. The shutter would be open during the irradiation cycle
and be moved into place during fibre translation to block the incident beam. This
would allow the aperture to be set to a precise width and would therefore not need
to be opened and closed during the fabrication process thus ensuring the desired
irradiation length.
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6.2 Characterisation of 2nd order resonance
The use of 2nd order resonance features for multi-parameter sensing has been achieved
over a large wavelength range (∼1000 nm) through use of an OSA [1]. However,
data presented in Section 5.3 shows that it is possible to fabricate an LPG which
possesses attenuation bands that operate near the PMTP for both 1st and 2nd order
within the detectable wavelength range of a CCD spectrometer by using optical
fibre with a short cut-off wavelength (630 nm). Through utilising both of these
attenuation bands simultaneously, multi-parameter sensing could be accomplished
via the use of a relativity cheap (in comparison to an OSA) CCD spectrometer yet
exploit resonance bands operating at the highly sensitive PMTP. Therefore, to assess
the sensitivity of the 1st and 2nd order coupling features operating at the PMTP, the
response of these features to temperature, strain and surrounding refractive index
were characterised. Additionally, 1st order attenuation bands not operating at the
PMTP were also monitored throughout the characterisation tests in order to provide
a comparison.
6.2.1 Experimental methods
A 40 mm long LPG with a period of 181.5 µm and a 25% duty cycle was written
in PS750 optical fibre using 8 cycles with 5 s dwell time via the method described
in Section 5.4. This period was selected as the LPG spectrum contained both 1st
and 2nd order attenuation bands that were operating near their PMTP within the
detectable range of a CCD spectrometer (Fig. 6.7). The sensitivity of these features
was assessed by monitoring the relative wavelength shift in response to each physical
parameter. For all characterisation experiments, the LPG was interrogated using a
fibre-coupled broadband light source (LS-1, Ocean Optics) and a CCD spectrometer
(S2000, Ocean Optics), where the former was allowed to warm-up for 40 min before
data acquisition. This was deemed the minimum amount of time required for the
light source to reach a stabilised power output. Prior to testing, the LPG underwent
annealing by placing it in a laboratory oven (VTM7004, Votsch) set to 100◦C for 3 h
in order to stabilise the grating. All characterisation tests were performed a total
of 3 times. Attenuation band tracking was determined using SIR software [9]. The
following sections outline the experimental procedures used to assess sensitivities to
strain, temperature, and surrounding refractive index.
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near PMTP
Figure 6.7: Transmission spectrum of a 40 mm long LPG with a period of 181.5 µm and a 25%
duty cycle. The two features indicated are 1st (∼930 nm) and 2nd (∼805 nm) order attenuation
bands operating near their respective PMTPs
Strain
The application of axial strain was achieved by clamping one side of the LPG to an
optical bench edge while the LPG was suspending vertically. Masses ranging from
200 - 386 g were attached to the optical fibre on the other side of the grating using a
custom designed mass-applicator (Fig. 6.8). This range of masses were determined
following preliminary work where the application of masses greater than this caused
the mass-applicator to slip, therefore not applying the anticipated axial strain. Strain,
, experienced by the LPG was calculated by [10],
 = mg
GAf
(6.1)
where m is the applied mass, g is gravitational acceleration, 9.81 m·s−2, G is Young’s
modulus of silica glass, 73.1 GPa and Af is the cross-sectional area of the optical
fibre. Confirmation that the LPG did not experience a permanent physical change
following each trial was confirmed by the transmission spectral features returning
to values obtained prior to strain assessment. The temperature was maintained at
20.5±1◦C throughout the experiment.
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Figure 6.8: Experimental setup for strain measurements. Inset image depicts the 3D printed
custom designed mass applicator (dimensions = 70 x 40 x 15 mm)
Temperature
To investigate the LPGs sensitivity to temperature, the grating was attached to an
aluminium fibre holder (to maintain tension) and placed inside a digitally controlled
oven (VTM7004, Votsch). The ends of the optical were fed through an access port
and attached to the spectrometer and light source situated outside the oven (Fig. 6.9).
Readings were collected in 10◦C increments from 25 - 95◦C. To ensure data was
collected at the desired temperature, oven stability was characterised and it was
deemed that at least 30 min were required for the temperature to plateau following
a newly set temperature. However, it should be noted that the aluminium frame
will experience thermal expansion as the temperature is increased, thus altering the
tension on the LPG. The strain induced by this effect would equal 1.68 µ at 95◦C
(see Appendix D for the calculation), equating to a significant wavelength change
of 3.6 nm (using a typical LPG sensitivity of 2.2 pm·µ−1 [11]). It will therefore be
necessary to compensate the temperature characterisation results prior to numerically
assessing the LPG for multi-parameter capabilities.
Surrounding refractive index
The practical characterisation of the refractive index sensitivity of an LPG, whether
this is performed using index matching oils or solutions of materials with varying
concentrations (e.g. ethanol solutions [12]), is typically labour intensive, often
requiring the manual preparation of the LPG by removing the previous solution,
cleaning off any residue and drying the fibre for every sample point in the procedure
[10]. It was therefore decided that the use of an automated approach would be more
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Figure 6.9: Experimental setup for temperature characterisation
time efficient. Sucrose solution was used as the test medium to assess the refractive
index sensitivity of the LPG as this has been successfully employed previously [13, 12].
Additionally, unlike index matching oils, sucrose solutions are cheaper and can be
diluted by water, thus allowing a greater number of sample points to be obtained.
Initially, a bulk sucrose solution was prepared (ACS reagent grade, Sigma Aldrich)
and the concentration confirmed through the use of an automatic refractometer
with a functioning wavelength of 589 nm and a resolution of 0.0001 nD operating
at 20±0.05◦C (Abbemat 200, Anton Paar). A prototype of the refractive index
sensitivity characterisation system was created where by the bulk sucrose solution
was incrementally added to a trough of deionised water by expelling a set volume of
solution from a syringe controlled by a translation stage. This automated procedure
allowed small increases in sucrose concentration (thus refractive index) in the trough
to be achieved and permitted the LPG to be immersed in the solution continually
without the need for fibre preparation between each dose. However, the incremental
movement produced from the stage caused lateral motion in the syringe plunger. As
a result, the desired volume was not dispensed, inducing variations in the resulting
sucrose concentrations. To improve this, a diaphragm lab dosing-pump (Simdos 02,
KNF) was substituted in place of the translation stage driven syringe as shown in
Fig. 6.10.
To assess the accuracy and reliability of the system, the trough was partially filled
with 20 ml of deionised water, which was measured using a high accuracy balance
(GA200D, OHAUS) and the subsequent result converted into volume using a density
of 0.998 g·ml−1 [14]. The dosing pump was programmed to deliver 8 cycles of 52.35%
(w/w) bulk sucrose solution in 2 ml doses with a 2 min pause between each dose to
allow the solution in the trough to become homogeneous via magnetic stirring. The
temperature was controlled using the hot plate stirrer’s RTD probe (VWR) and was
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Figure 6.10: Experimental setup for automated refractive index testing
set to 20±0.5◦C. The dosing pump was calibrated to the viscosity of the bulk sucrose
solution. Following the 2 min pause of each dose, 60 µl was taken from the testing
trough, assessed for its sucrose concentration using the automatic refractometer and,
subsequently compared with expected concentrations, Cexp(%), calculated using the
following expression,
Cexp(%) =
(
VdoseCbulk
Vwt + Vdose − Vsamp
)
× 100, (6.2)
where Cbulk is the fractional bulk sucrose concentration, Vwt(ml) is the initial volume
of deionised water, Vdose(ml) is the dose cumulative volume and, Vsamp(ml) is the test
sample cumulative volume. Vsamp is needed to compensate for the volume removed
from each dose for sucrose concentration validation. The procedure was repeated for
a total of 4 tests.
The accuracy of the refractive index sensitivity characterisation system can be noted
in Fig. 6.11. A good correlation can be seen between the calculated concentrations and
measured values, demonstrating an r2 value of 0.9999. The largest mean difference
from the calculated values was 0.32% for a sucrose concentration of 30.54% which
equates to 0.00042 in refractive index units (RIU). This result is only slightly less
accurate than index matching oils of the same range (1.300 - 1.395, Series AAA,
Cargille) which display a stated accuracy of ±0.00020 RIU. To assess the reliability
of the refractive index sensitivity characterisation system, 95% confidence intervals
were calculated for each sucrose dose and plotted as error bars in Fig. 6.11. Due to
the small sample size for each dose (n = 3), an adapted formula for the confidence
intervals, CI, was used [15],
CI = x¯± (tn−1 × SE), (6.3)
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Figure 6.11: Correlation between calculated sucrose concentrations and measured values. The
red line depicts perfect accuracy to act as a guide. Error bars that depict 95% confidence intervals
are smaller than the points
where x¯ is the mean dose%, tn−1 is the two-tailed t-value (in this case 4.30, obtained
from critical t-value tables with a probability of 0.05 [15]) and SE is the standard
error of the mean. From Fig. 6.11 it can be seen that the confidence intervals are
small, indicating that error of the system was low.
This aforementioned system was used to evaluate the surrounding refractive index
sensitivity of the LPG. Using the same concentration of bulk sucrose solution (52.35%
(w/w)) and dose volume (2 ml), the device was exposed to sucrose concentrations
ranging from 0 - 40.14% (corresponding to 1.333 - 1.399 RIU) dispensed in 30 cycles.
The sucrose concentration range was calculated using Equation 6.1 with the Vsamp
term removed. Prior to the addition of sucrose, the LPG was immersed in the 20 ml
deionised water for 20 min in order to stabilise the spectrum before baseline data
was obtained. Subsequent spectra were automatically collected for all concentration
points in the last 10 s of the 2 min pause between doses.
6.2.2 Results and discussion
The temperature sensitivity of attenuation bands associated with LP09 - LP14 and
LP22 can be seen in Fig. 6.12. The wavelength shift experienced by the resonance
bands displayed a linear response for the assessed temperature range. This temper-
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ature sensitivity experienced by LPGs is produced by the expansion/contraction of
the waveguide, not only changing the gratings period but also causing the effective
refractive index to alter, resulting in a resonance wavelength shift (see Section 3.4).
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Figure 6.12: Wavelength shift of attenuation bands corresponding to coupling to LP09 - LP14 and
LP22 to changes in temperature 25 - 95◦C for an LPG displaying both 1st and 2nd order coupling
near the PMTP. Method of least squares was used to calculate the linear fit in order to provide
resonance band sensitivity (dotted line represents 2nd order coupling). Error bars depicting the
standard deviation (SD) are smaller than the points
As expected, attenuation bands corresponding to higher order modes displayed greater
sensitivity to variations in temperature, as established by their larger gradients.
Additionally, the two attenuation bands associated with modes operating near their
PMTP (LP14 and LP22) demonstrated larger responses to an increase in temperature
compared with resonance bands functioning in a normal region. The difference in
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shift direction demonstrated by the 1st and 2nd order resonance bands is caused by
the features operating near the PMTP, where in this case the 1st order attenuation
feature experiencing a blue shift (a negative wavelength shift) and the 2nd order
resonance band undergoing a red shift (a positive wavelength shift) are tracked. The
2nd order attenuation band (LP22) displayed a sensitivity of 0.502 nm·◦C−1 which
was slightly less in magnitude than -0.623 nm·◦C−1 shown by the 1st order band
(LP14). These values are greater than data presented [1], where the sensitivities
for the 1st and 2nd order attenuation bands to temperature are -0.509 and -0.251
nm·◦C−1 respectively. The improved sensitivity witnessed in the present work is
due to the features operating near the PMTP. However, it should be noted that the
attenuation band monitored in [1] was associated with a lower order cladding mode
(LP08) than the features tracked here, thus the difference seen in sensitivity could
be partly due to the use of attenuation bands corresponding to higher order modes
which have been demonstrated to be more sensitive to temperature [16]. Similar
to [1], 1st order coupling showed higher sensitivity to temperature than 2nd order
coupling.
Akin to the results noted in Fig. 6.12, the wavelength shifts mediated through the
application of axial strain also demonstrate a linear response (Fig. 6.13). Furthermore,
both of the resonance features associated with modes operating at the PMTP
also presented greater sensitivity to axial strain than bands not coupled near the
PMTP. Although small variations in wavelength shift can be observed for attenuation
bands corresponding to modes LP09 - LP12 in Fig. 6.13, these changes are below
the resolution of the spectrometer (0.36 nm) thus indicating that these features
demonstrate minimal sensitivity to axial strain. This response to axial strain seen
in LPGs is largely produced by the elongation of the grating, which increases its
periodicity inducing a resonance wavelength shift.
Comparing strain sensitivity between the 1st and 2nd order features operating near the
PMTP, it can be seen that the 2nd order (-3.185 nm·m−1) presented greater sensitivity
than the 1st order feature (2.815 nm·m−1). Again, similar to the temperature
characterisation, the 1st and 2nd order features monitored here demonstrated higher
sensitivity to axial strain than that presented in [1] (1.46 and 0.647 nm·m−1).
The surrounding refractive index characterisation is presented in Fig. 6.14. The
inherent sensitivity displayed by LPGs to refractive index changes in the surrounding
medium the fibre are produced by the dependence of the cladding modes’ effect-
ive indices on perturbations of the refractive index of the local environment [16].
Greater sensitivity was witnessed as the mode order to which the resonance features
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Figure 6.13: Wavelength shift of attenuation bands corresponding to coupling to LP09 - LP14
and LP22 to changes in strain 1.76 - 3.40 µ for an LPG displaying both 1st and 2nd order coupling
near the PMTP. Method of least squares was used to calculate the linear fit in order to provide
resonance band sensitivity (dotted line represents 2nd order coupling). Errors bar are SD
coupled increased. Indeed, for a 40% change in sucrose concentration (0.07 RIU)
the attenuation bands associated with lower order modes (LP09 - LP12) displayed
a negligible wavelength shift. The higher order modes (LP13, LP14, LP22) show a
non-linear relationship between sucrose concentration and wavelength shift as the
surrounding refractive index approaches that of the cladding, which is in agreement
with previous work [10]. The 2nd order attenuation band (LP22) showed a maximum
wavelength shift of 13.51 nm, larger than the 10.80 nm shift displayed by the 1st
order feature (LP14) for a sucrose concentration of 40.14%.
No previous studies have investigated 2nd order coupling in response to surrounding
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Figure 6.14: Wavelength shift of attenuation bands corresponding to coupling to LP09 - LP14 and
LP22 to changes in sucrose solution concentration 0 - 40.14% for an LPG displaying both 1st and
2nd order coupling near the PMTP. The lines are visual aids only, where the dotted line signifies
2nd order coupling. Error bars are SD
refractive index changes. However, comparing its sensitivity to LPGs with funda-
mental resonance bands tuned to the PMTP, it can be seen that the device presented
here does not display an equivalent performance (∆2.35 nm for LP22 from the LPG
characterised here compared to ∆29 nm for a refractive index range of 1.335 - 1.360)
[17]. This reduction in sensitivity arises from the requirement to select a period
that allows coupling to both 1st and 2nd order resonance bands that are detectable
within the wavelength range of a CCD spectrometer (550 - 1000 nm) in addition to
ensuring 2nd order features are distinct from their 1st order counterparts. Thus, by
optimising the phase matching condition to allow 1st order coupling to a cladding
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mode that is operating at the PMTP (increasing the sensitivity of the corresponding
attenuation band) results in 2nd order coupling to a cladding mode that is further
from the PMTP (therefore the resonance feature displays less sensitivity).
It should be noted that the left and right bands associated with a cladding mode
operating near the PMTP (dual resonance phenomenon) will present slightly different
sensitivities to the same measurand change. This is caused by the asymmetry
of the phase matching curves around the PMTP [18], where the right handed
band located at the longer wavelength shows a larger response to variations in
environmental parameters (temperature, strain, refractive index) [18, 10]. However,
due to restrictions imparted by the wavelength range of the CCD spectrometer in
the present work, it was not possible to compare the corresponding bands for both
the 1st and 2nd order features.
Through the fabrication of LPGs with a 25% duty cycle and an appropriate period it
is possible to produce gratings that possess resonance bands of both 1st and 2nd order
that operate near their associated PMTP in the spectral range of a CCD spectrometer.
This allows an LPG to possess two attenuation features that demonstrate enhanced
sensitivity corresponding to different cladding modes within the detectable wavelength
range of a CCD spectrometer.
6.3 Feasibility of multi-parameter sensing using
2nd order resonance in LPGs
In the previous section, an LPG with both 1st and 2nd order attenuation bands
operating near the PMTP was characterised for temperature, strain and surrounding
refractive index. However, as mentioned in Section 6.2.1 the additional strain
applied to the LPG via the thermal expansion of the aluminium frame during
temperature characterisation would induce a significant wavelength shift. Therefore,
the temperature coefficients calculated in Section 6.2.2 for the resonance features
LP14 and LP22 have been appropriately modified (using the calculation presented
in Appendix D) for the following numerical analysis. Since this fabricated device
displays 1st and 2nd order features with enhanced sensitivity in comparison to [1], it
is therefore expected that a greater performance in multi-parameter sensing could
be obtained using the sensor characterised here.
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6.3.1 Qualitative analysis
Simultaneous measurement of two measurands using the LPG presented here can be
achieved by exploiting the differing responses of the 1st and 2nd order attenuation
bands to the perturbations seen in Section 6.2.2. This change in central wavelength
experienced by the resonance features, ∆λi, to variations in two environmental
parameters, A and B, can be given by,
∆λi = KiAA+KiBB, (6.4)
where KiA and KiB are the environmental parameter coefficients (KiA = ∂λi/∂A and
KiB = ∂λi/∂B) for resonance feature i which was obtained using linear regression.
It is possible to independently determine the parameters A and B by expressing
Equation 6.4 in matrix form to describe both 1st and 2nd order bands (Equation 6.5)
and performing an inverse matrix operation.∆λ1
∆λ2
 =
K1A K1B
K2A K2B
A
B
 . (6.5)
Errors obtained through inaccurate determination of λi and imperfect estimation of
the matrix coefficients can lead to significant errors in solutions to the simultaneous
equations [19]. Therefore, in order to assess the stability of a linear system to matrix
element perturbations, the matrix condition number, Cn, is often employed to assess
sensor performance [20, 21, 22]. It is calculated using [23],
Cn = ‖K‖
∥∥∥K−1∥∥∥, (6.6)
where ‖K‖ and ‖K−1‖ are the norm and the inverse norm of matrix K, respectively.
This value provides a qualitative estimation of the sensor’s behaviour, where an
optimum device would attain unity. Typical condition numbers for wavelength
dependent sensors discriminating between temperature and strain, such as FBGs and
LPGs are 39.4 [22] and 76.9 [1] (calculated using the sensitivity coefficients presented
in the papers) respectively.
To qualitatively assess the performance of the LPG characterised in Section 6.2.2 for
multi-parameter sensing using 1st and 2nd order features, condition numbers were
calculated using the sensitivity coefficients presented in Table 6.1 for discrimination
between temperature-strain, temperature-surrounding refractive index and, surround-
ing refractive index-strain. The values presented in Table 6.1 were derived from
linear regression analysis (using least squares method) conducted in the generation of
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Fig. 6.12 and Fig. 6.13 for temperature and strain characterisation respectively. As
this calculation assumes that the measurands have a linear relationship with respect
to wavelength shift, the coefficients pertaining to the surrounding refractive index
sensitivity were calculated using the final 12 values (34.95 - 40.14%) as this region
displayed a linear correlation.
Table 6.1: Calculated sensitivity coefficients ± standard error for 1st (LP14) and 2nd (LP22) order
resonance in response to independent changes in temperature, strain and surrounding refractive
index
Parameter Sensitivity coefficients
LP14 LP22
Temperature (nm·◦C−1) -0.570±0.039 0.449±0.028
Strain (nm·m−1) 2.815±0.057 -3.185±0.202
Surrounding refractive index (nm·%−1) -0.463±0.005 0.614±0.006
It can be seen from Table 6.2 that the condition number for temperature-strain is
lower than 76.9, obtained from a similar LPG scheme presented in [1]. Furthermore,
this number is comparable to values obtained by FBGs using the dual-wavelength
technique (38.6 [24], 39.4 [22]). The simultaneous measurement of temperature-
surrounding refractive index using a single LPG element has not been performed
before. Previously, this measurement has been conducted using a number of in-
series LPGs [25] or via use of a hybrid FBG-LPG system [26]. However, it is
clear from the small condition number that independent recovery of these two
meaurands would contain minimal errors, therefore allow accurate values to be
obtained. Surrounding refractive index-strain was included for completeness as this
simultaneous measurement has minimal practical value, thus no literature exists in
LPGs for these two meaurands, although work has been conducted on discriminating
all three physical parameters in tapered and etched FBGs [27, 28]. The condition
numbers detailed in Table 6.2 demonstrates that it is possible to perform multi-
parameter sensing utilising the LPG characterised here which uses 1st and 2nd order
resonance bands near the PMTP.
Table 6.2: Condition numbers calculated for the discrimination of three simultaneous parameters
using 1st and 2nd order attenuation bands
Discrimination Parameters Condition number
Temperature-strain 33.7
Temperature-surrounding refractive index 7.7
Surrounding refractive index-strain 73.5
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Nevertheless, although commonly used [20, 21], the condition number does not
necessarily indicate that the sensor will be able to accurately discriminate between
two simultaneous measurands. This estimate provides a means to compare the
maximum errors in a system with other devices [22], however, a comparison of
sensors with condition numbers from 3 - 300 were all found be broadly comparable
in performance [20]. Furthermore, it is not possible to distinguish the contribution
of each environmental parameter within this error [20]. In order to provide a more
detailed discussion regarding the suitability of the LPG presented here, calculations
formulated by Jin et al. [20] were employed, allowing a quantitative analysis of the
LPG’s ability to separate environmental parameters to be conducted.
6.3.2 Quantitative analysis
The errors calculated using the analysis technique presented in [20] are dependent
upon the wavelength determination precision, the uncertainties accrued through
linear coefficient calculations and on the environmental parameter values. Similar
to previous work [22, 29], these formulations will be used to quantify: cumulative
errors associated with determining wavelength, cumulative matrix element generated
errors and, non-cumulative errors obtained by both matrix elements and wavelength
measurement precision. While the cumulative errors provide the worse possible case,
the non-cumulative errors are more representative by accounting for the direction of
the individual terms [22].
The general formulation is based upon the condition that both transfer matrix, K,
and wavelength determination, λ, contain errors such that,
λ = λT + δλ, (6.7)
K = K0 + δK, (6.8)
where λT and δλ represent the true value and errors in λ respectively, while KT and
δK depict the true value and errors in K.
To assess the λ-errors only, the errors within K are neglected, allowing the following
formulations to be implemented,
|δA| = |K2B||δλ1|+ |K1B||δλ2||∆| , (6.9)
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|δB| = |K2A||δλ1|+ |K1A||δλ2||∆| , (6.10)
where KiA and KiB maintain the same definition as described in Section 6.3.1 and
∆ = K1AK2B −K2AK1B is the determinant of K and δiA and δiB are the standard
error of the matrix coefficient for attenuation band i and environmental parameters
A and B, respectively. To consider the case where matrix dominated errors are
significant, the measured wavelength errors are assumed to be negligible, leading to
the expressions
|δA| = (|K1AK2Bδ1A|+ |K1BK2Aδ2A|)|A|+ |K1BK2B|(|δ1B|+ |δ2B|)|B||∆| , (6.11)
|δB| = (|K1BK2Aδ1B|+ |K1AK2Bδ2B|)|B|+ |K1AK2A|(|δ1A|+ |δ2A|)|A||∆| , (6.12)
Finally, to calculate the theoretical resolution of the sensor by combining both
λ-error and K-error the subsequent equations were used
A = 1∆(∆ + ∆∗)((K2Bδλ1 −K1Bδλ2)∆ + (K2Bδ2Bλ1 −K1Bδ1Bλ2)∆+
(K2Bδ2Bδλ1 −K1Bδ1Bδλ2)∆− (K2Bλ1 −K1Bλ2)∆∗),
(6.13)
B = 1∆(∆ + ∆∗)((K2Aδλ1 −K1Aδλ2)∆ + (K2Aδ2Aλ1 −K1Aδ1Aλ2)∆+
(K2Aδ2Aδλ1 −K1Aδ1Aδλ2)∆− (K2Aλ1 −K1Aλ2)∆∗),
(6.14)
where
∆∗ = K1AK2B(δ1A + δ2B + δ1Aδ2B)−K1BK2A(δ1B + δ2A + δ1Bδ2A), (6.15)
λi = AKiA+BKiB is the combined wavelength shift of attenuation band i in response
to environmental parameters A and B and δλi is the wavelength measurement
precision of attenuation band i. For all calculations, the latter was deemed to be 0.13
nm for both 1st and 2nd order resonance features (determined by the spectrometer’s
resolution). To quantify the maximum error in K and to establish the combined
errors of λ and K, temperature, strain and surrounding refractive index values of
25◦C, 2.0 m and 38.2% were used, respectively.
The data presented in Table 6.3 indicates that, although the device here demon-
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Table 6.3: Error analysis using the quantitative method described in [20] for temperature-strain
(Temp-str), temperature-surrounding refractive index (Temp-SRI) and surrounding refractive
index-strain (SRI-str)
Discrimination Parameter
Temp-str Temp-SRI SRI-str
T (◦C)  (m) T (◦C) RI (%) RI (%)  (m)
λ-error 1.42 0.24 0.98 0.93 0.55 3.04
K-error 13.35 2.39 4.33 3.90 3.56 20.76
λ + K-error 5.06 0.99 2.06 1.28 61.78 9.63
strated condition numbers equivalent to other sensing methods (Table 6.2), deeper
quantitative analysis has shown that accurate multi-parameter sensing would not
be achievable. Indeed, the resolution of the LPG for simultaneous measurement of
temperature-strain is ±5.06◦C and ±0.99 m, and, when compared to other schemes
discriminating between the same parameters, it can be seen that a single-element
titled FBG was able to possess resolutions of ±1◦C and ± 12 µ following the
same quantitative analysis [22], demonstrating a greater performance. Although
the temperature resolution of the LPG presented here could potentially be suitable
for distinguishing large temperature shifts, the strain resolution clearly shows an
unacceptable degree of performance with minimal practical value.
By far the least erroneous resolution displayed by the LPG for discriminating between
parameters can be seen for temperature-surrounding refractive index (Table 6.3). A
temperature and sucrose concentration resolution of ±2.06◦C and ±1.28% (±1.74×
10−3 RIU) respectively could be acceptable in some cases, particularly if a large
wavelength change is observable. However, it should be noted that these changes are
only applicable over the range of 35 - 40% sucrose concentration due to the non-linear
relationship outside of this region. Additionally, in the majority of chemical/biological
LPG sensing applications where a small change in the refractive index of a functional
coating occurs, this level of resolution would not be sufficient. The use of this LPG
to discriminate between surrounding refractive index and strain would be impossible
due the large errors noted for both of these parameters (Table 6.3).
Inspection of the λ-error in Table 6.3 for all simultaneous parameters shows that, with
the exception of the strain measurement in the surrounding refractive index-strain
assessment, the cumulative errors for wavelength measurement precision demonstrate
adequate levels of error. However, it is clear that the K-error is significantly greater
than λ induced errors. This error is derived from calculating the matrix elements
which depend on the suitability of the linear fit. Thus any experimental error
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accrued during data collection for each environmental parameter would influence this
result. Therefore, the discrimination performance of the device could be improved
through the use of more accurate experimental designs, producing data that allows
an improved linear fit. Interestingly, the performance noted in Table 6.3 for λ +
K-error follows a similar trend to the condition numbers calculated (Table 6.2) for
the respective simultaneous measurements, where temperature-surrounding refractive
index showed the lowest condition number and greatest discrimination accuracy,
reinforcing the use of this value as a suitable estimator for comparison to other
devices.
6.4 Summary and conclusion
Through altering the fabrication UV irradiation duty cycle, it is possible to access
higher order harmonics using a single LPG. Although the use of 2nd order coupling
has been discussed previously [1, 2, 3], the fabrication parameters required to produce
these harmonics had not previously been investigated. It was found that a 25% duty
cycle produced LPGs that optimally coupled to these features.
Using this method, an LPG with both 1st and 2nd order attenuation bands operating
near the PMTP within the detectable wavelength range of a CCD spectrometer was
fabricated. The LPG was characterised for temperature, strain and surrounding
refractive index, where the latter required the design and development of an auto-
mated refractive index testing rig. The LPG was then theoretically assessed for its
ability to perform multi-parameter sensing by distinguishing between simultaneous
parameters from the characterisation data through the use of condition number
and quantitative analysis. Although the condition number showed that the LPG
was suitable for multi-parameter sensing, the detailed quantitative analysis demon-
strated that accurate discrimination between all assessed parameters would not be
achievable in practice. This result is in disagreement with the majority of previous
work that has examined the use of different resonance features of a single LPG for
multi-parameter sensing [1, 30]. Nevertheless, the work presented here employed a
more in-depth analytical approach than is generally used, ultimately suggesting that
performing multi-parameter sensing in LPGs utilising different resonance bands with
large variations in parameter sensitivities may not be a viable option.
In terms of the CO2 sensor here, this result demonstrates that another scheme would
be necessary (see Section 3.7 for alternatives) to distinguish between surrounding
refractive index (mechanism for detecting CO2) and other physical parameters LPGs
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are innately sensitive to (e.g. temperature).
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Chapter 7
CO2 sensing using LPGs
In this chapter, the development of a novel LPG-based CO2 sensor is described. As
outlined in Chapter 1, the CO2 sensor is to be part of an ammonia breath sensor to
provide a method for recognising exhaled breath that has been in contact with alveoli
blood. The device therefore must possess a response time of <0.1 s and a detection
range 0 - 15% with an accuracy of ±0.2%. In addition to these specifications, it is also
necessary that the sensor displays a negligible response to humidity variations and is
not sensitive to ammonia. To achieve this, LPGs fabricated via the overwrite method
(see Section 5.1) are coated with a number of the CO2 sensitive materials described in
Section 4.2 and their responses characterised to 20% CO2 and their cross-sensitivity
to humidity. Here, particular emphasis is placed on the use of an ionic liquid based
coating to produce the LPG sensor with the specificity and sensitivity to CO2. The
use of these materials has not been explored previously for CO2 sensing with LPGs,
where materials such as MOFs [1] and polystyrene (non-specific coating) [2] have
been used instead. The physical CO2 absorption mechanism exhibited by certain
ionic liquids means that the regeneration step requires a less energy intensive process
(lower temperatures, standard pressures), making these materials ideally suited as
the CO2 LPG sensitive coating.
Although the previous chapter explored LPGs with higher order coupling features with
the aim of conducting multi-parameter sensing, the work in this chapter was focussed
upon identifying whether these CO2 sensitive materials are capable of eliciting a
wavelength response in LPGs following exposure to CO2 and not, at this stage, if
competing environmental parameters (e.g. temperature) could be compensated for
during sensor operation. Therefore, all LPGs utilised in this chapter were fabricated
so that only 1st order coupling features were present, thus ensuring attenuation
bands associated with higher order coupling would not potentially interfere with
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CO2 mediated wavelength responses.
Initially, this chapter focuses on the detection of CO2 via the use of an LPG coated
with the commonly utilised alkanoamine, polyethylenimine (PEI). Following on from
this, the ionic liquid 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([C6mim][Tf2N]) was assessed for its suitability as a CO2 sensitive coating material
for an LPG sensor. The subsequent sections detail the novel coating procedure and
fibre surface preparations necessary for applying the ionic liquid to an LPG. Finally,
the [C6mim][Tf2N] coated LPG was characterised for its response to CO2, humidity
and temperature.
7.1 PEI-based LPG CO2 sensor
As discussed in Section 4.2.1, amines demonstrate excellent CO2 absorption, so
that materials which contain these functional groups have been used as the sensing
layer on a number of CO2 sensors [3, 4, 5]. A commonly used polyamine for CO2
sensing and enhancement of adsorption is PEI [4, 5, 6, 7]. This polymer can be
synthesised with a linear or branched structure, where its molecular arrangement
effects which amine groups are present (primary, secondary, tertiary, see Section 4.2.1).
Absorption of CO2 produces a structural change through the formation of carbamate
or bicarbonate depending on the amine group involved in the reaction [8]. Due to
its polycationic nature, PEI has been applied to substrate surfaces via the use of
ESA (see Section 4.1.2) with an appropriate polyanion counterpart [9, 10]. It was
therefore proposed that, by using this coating technique, PEI could be applied to the
surface of an LPG, and when exposed to gaseous CO2, the aforementioned reaction
would induce a refractive index change in the PEI-coating, producing a detectable
resonance wavelength shift.
7.1.1 PEI coating procedure
A 40 mm long LPG operating at the PMTP was written in PS750 optical fibre with
a period and duty cycle of 113.4 µm and 50%, respectively. It was fabricated via the
procedure outlined in Section 5.1. The ESA method used to coat the LPG with PEI
was based on previous work reported by Korposh et al. [11].
KOH pellets (Sigma Aldrich) were dissolved in deionised water (DirectQ, MilliPore)
to produce a 0.1 M solution. Additionally, solutions of 5 mg·ml−1 branched PEI
(Av. Mw: 25000, Sigma Aldrich) and 1% silica nano-particles (SiO2) (40 - 50 nm
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diameter, Nissan Chemicals) were prepared using deionised water. SiO2 NP were
selected as the polyanion due to their ability to create porous layers during ESA [11],
which would aid CO2 gas diffusion through the coating.
The LPG was attached to a CCD spectrometer (HR4000, Ocean Optics) with a
resolution of 0.130 nm, and to a tungsten light source (LS-1, Ocean Optics) using
bare fibre SMA connectors, where the latter was allowed to stabilise for 40 min
prior to data collection. To ensure that the LPG remained taut throughout the
experiment, the fibre was attached to an aluminium frame via PTFE thumb-screw
tabs.
Initially, the LPG was immersed in 0.1 M KOH for 20 min to gently etch the
fibre cladding in order to produce a negatively charged surface. Following cladding
preparation, the aluminium frame was attached to a rotary dip-coater (ND-R,
Nadetech) which was programmed to alternately immerse the LPG for 20 min into
the PEI (polycation) and SiO2 (polyanion) solutions to build up the LbL deposition.
Before each immersion, the LPG was rinsed in deionised water to remove any unbound
material. The fibre was left in air to dry for 5 min following each layer (polycation
and polyanion) in order to obtain a spectrum. For brevity, each ESA layer will be
expressed as (A/B)X , where X is the number of bilayers and A and B are polycation
and polyanion, respectively. A coating of (PEI/SiO2)10 was initially selected based,
on previous report of ESA work with LPGs [12].
50 µm
(a)
20 µm
(b)
Figure 7.1: Light microscopy images of a (PEI-SiO2)10 coated fibre (a) with an image of a
non-coated fibre (b) for comparison. Despite the greater magnification of (b), it is clear the optical
fibre surface has no deposition
Confirmation of the (PEI/SiO2)10 deposition was achieved via the use of light
microscopy (Fig. 7.1) and scanning electron microscopy (eSEM), where the latter
determined its thickness to be 580 nm. Spectral changes are also induced by
the coating process, where upon each new layer of (PEI/SiO2) the attenuation
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band operating at the PMTP develops towards the formation of dual resonance
(Fig. 7.2). This alteration is induced by the change in the cladding mode’s effective
refractive index that is produced by the presence of a deposition layer. As the central
wavelengths and intensities of the attenuation bands are dependent on both the
refractive index and the thickness of the coating [13, 14], each additional layer of
(PEI/SiO2) applied to the LPG prompts a small wavelength shift. The magnitude of
the shift is dependent on the modal order and in which region coupling has occurred
(i.e. distinct from or at the PMTP), where the large change in intensity displayed by
the LPG in Fig. 7.2 following the first initial layers is caused by the attenuation band
operating at the sensitive PMTP. As further layers were deposited onto the LPG, its
operation moved away from the PMTP, spectral changes became less pronounced
as evidenced by the small wavelength change witnessed between (PEI/SiO2)9 and
(PEI/SiO2)10.
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Figure 7.2: Spectra showing the evolution of the attenuation band associated with LP19 following
each additional coating of PEI/SiO2
7.1.2 CO2 response of the PEI coated LPG
To assess the CO2 response of the (PEI/SiO2)10 coated LPG, a cylindrical gas cell
(with an internal volume of 113.4 ml) was modified to be able to incorporate an
optical fibre. This was achieved by removing the glass windows and replacing them
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with aluminium plates possessing a 3 mm hole in the centre to allow the optical fibre
to be fed through. Nevertheless, small air gaps were present, particularly where the
fibre was inserted, and these have been shown to allow atmospheric gas to diffuse
into the cell and influence the test gas mixture [15]. To overcome this issue, Zakaria
[15] ensured a positive pressure was maintained within the cell and all components
sealed with wax. Although sealing the gas cell here with wax would ameliorate this
issue, it would severely hinder removal of the data logger between tests and would
be an excessive step considering the high concentration of CO2 (20%) being used
initially (unlike Zakaria [15] who was interested in ppm concentrations). Therefore,
rather than sealing the modified gas cell, a positive pressure will be maintained
during testing to minimise diffusion of atmospheric air.
A 40 mm long LPG was fabricated with a period of 113.8 µm and a 50% duty cycle
via the method outlined in Section 5.1 and was coated with (PEI/SiO2)10 as described
in Section 7.1.1. Using an aluminium frame located outside the gas cell, the LPG
was positioned in the centre of the cell and held at constant tension. The grating was
interrogated throughout the experiment via the same light source and spectrometer
as detailed in Section 7.1.1 (Fig. 7.3). Using a mass flow controller and its associated
ports (THPS-400, Teledyne Hastings Instruments), 200 ml·min−1 of synthetic air
(SA)(20-22% O2, 1 ppm CO2, 2 ppm H2O, BOC) was used to purge the gas cell for
15 min in order to remove moisture and to provide a standard environment in which
to begin the experiment. Following the purge, the coated LPG was then exposed
to 20% CO2 (Scott Speciality Gases) for 60 min. Temperature and humidity were
monitored for the duration of the experiment using a remote data logger (i-Button,
Maxim Integrated), with a temperature and humidity resolution of ±0.5 ◦C and
±0.6 % respectively, which was placed inside the gas cell. The wavelengths of the
attenuation bands were tracked using SIR software [16].
By monitoring the shorter-wavelength attenuation band associated with dual res-
onance of LP19, the wavelength response of this attenuation band to 20% CO2 was
determined and presented in Fig. 7.4. A 3.3 nm wavelength shift was observed follow-
ing the 60 min exposure to CO2. However, during the experiment, a 22% decrease in
humidity was also observed. The wavelength response observed could therefore be
partially or fully induced by humidity variations thus the noted wavelength shifts
can not be attributed to either parameter.
The sensitivity to humidity displayed by the PEI/SiO2 coated LPG is speculated to
derive from the SiO2 layers of the coating [17]. The use of these nano-particles was
intended to increase the porosity of the coating, consequently aiding the diffusion of
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Figure 7.3: Experiential layout for testing CO2 response of PEI/SiO2 coated fibre, located inside
a modified gas cell (100 x 38 mm)
CO2 molecules through the deposition. Nevertheless, SiO2 nano-particles demonstrate
a high affinity for water and have been implemented as the coating for an LPG
humidity sensor [17]. It is therefore unclear whether the wavelength shift depicted
in Fig. 7.4 is the product of humidity mediated effects, the exposure to CO2, or a
combination of both. In order to distinguish between these measurands, the use of a
humidity generator (GenRH, Surface Measurement Systems) to control the moisture
in the CO2 in-flow was implemented.
The humidity generator was introduced into the experiential arrangement of Fig. 7.3
after the mass flow controller but before the in-flow of the modified gas cell. Humidity
was controlled in the generator via the bubbling of gas through deionised water.
Since CO2 readily dissolves in water [18], CO2 was allowed to flow through (500
cc·min−1) the humidity generator system for 1 h in order to saturate the deionised
water thus minimising water CO2 absorption during the procedure.
To improve the sensitivity of the (PEI/SiO2)10 coated LPG sensor, a 40 mm long
LPG was newly fabricated with a period of 114.0 µm and a 50% duty cycle. This
period produced a sensor that operated nearer to the PMTP following (PEI/SiO2)10
deposition. The same fabrication, coating and experimental procedures were utilised
as outlined previously, with the exception that the duration of the CO2 exposure was
decreased to 40 min since the wavelength response witnessed in Fig. 7.4 occurred well
within this time period. The humidity generator was programmed with a humidity
and temperature of 45% and 20.0◦C, respectively.
The response of the (PEI/SiO2)10 coated LPG to CO2 in a humidity stabilised gas
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Figure 7.4: The response of (PEI/SiO2)10 coated LPG to 20% CO2. Lines are associated with
their y-axis based on like colours
flow can be seen in Fig. 7.5. Similar to the result presented in Fig. 7.4, the left-hand
attenuation band corresponding to LP19 demonstrates a trend suggesting an inverse
relationship with changes in humidity, where a 4% decrease in humidity initiated
a 2 nm wavelength shift. This response demonstrates greater sensitivity than the
(PEI/SiO2)10 coated LPG depicted in Fig. 7.4 due to the attenuation band operating
closer to the PMTP.
It is interesting to note that at both 0 and 40 min the relative humidity is 46.5%.
However, there is 0.5 nm wavelength shift discrepancy between the two time points.
This difference in wavelength could be a result of a temperature induced response.
Typically, LPGs with resonance features operating at the PMTP show temperature
sensitivities in the region of 0.99 nm·◦C−1 [19], since the temperature decreased by
1◦C, it is conceivable that the 0.5 nm wavelength shift was caused by the change in
temperature. It could also be speculated that this wavelength shift was a response
to CO2. The mechanism by which the PEI derived coating operates is based on the
formation of carbamate through the reaction of CO2 with the amine groups present
in PEI [5] (see Section 4.2.1). The addition of the carbamate group to the coating
would induce a refractive index change, ultimately inducing a resonance wavelength
response. Although the aforementioned difference is most likely a CO2 response,
thus the PEI/SiO2 coating was able to detect CO2, the large humidity sensitivity
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Figure 7.5: The response of (PEI/SiO2 NP)10 coated LPG to 20% CO2 while relative humidity is
controlled. Lines are associated with their y-axis based on like colours
displayed by the deposition make it difficult to distinguish CO2 mediated changes. In
practise this means this deposition is unsuitable for an independant LPG CO2 sensor.
However, as described in [20], the CO2 response could be resolved from humidity
mediated effects by adding an additional grating that is dedicated to monitoring
humidity.
7.2 The suitability of [C6mim][Tf2N] as a CO2 sens-
itive coating
Ionic liquids possess many of the qualities that are essential for the active coating
of a CO2 sensor; CO2 absorption, hydrophobicity, and the ability to form a stable
structure (see Section 4.2.5). However, as is clear from Sections 3.4.3 and 3.4.4,
an LPG chemical sensor that employs a coating to enhance sensitivity and provide
selectivity requires the deposition to experience a refractive index change in response
to the measurand. Although ionic liquids are potentially ideal for the current
project, no previous literature has investigated whether these materials demonstrate
a refractive index change when exposed to CO2, it is therefore essential that this
parameter is evaluated before further work is conducted on ionic liquids.
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7.2.1 CO2 response of ionic liquids
The ionic liquid [C6mim][Tf2N] was selected based on its CO2 absorption ability,
hydrophobic nature and its capability to form an ionogel [21, 22, 23]. Furthermore, the
commercial availability of [C6mim][Tf2N] was also an important factor due to the lack
of available equipment required to synthesise and conduct essential post-manufacture
purity assessments. The basic thermo-physical properties of [C6mim][Tf2N] can be
seen in Table 7.1 .
Table 7.1: The thermo-physical properties of [C6mim][Tf2N] at 0.1 MPa; triple point (TTr),
boiling point (TB), density (ρ) and, Henry’s constant (HC)
Ionic liquid TTr TB ρ HC(K) (K) (kg·m−3) (bar)
[C6mim][Tf2N] 272.13 [24] 897 [25] 1372.21a [26] 32.8a [27]
a measured at 298.15 K
To identify whether [C6mim][Tf2N] displayed a refractive index change in response
to CO2, the ionic liquid was exposed to the gas for 16 h. CO2 (20%) was bubbled
through ∼ 5 ml of [C6mim][Tf2N] (purity >98.0%, TCI chemicals) at a flow rate of
5 ml·min−1, where a small sample was removed pre- and post-CO2 exposure for a
refractive index measurement to be obtained via the use of an automatic refractometer
with accuracy and resolution of ±1× 10−4 RIU (Abbemat 200, Anton Paar). Using
the in-built automatic Peltier control of the refractometer, the temperature of the
sample well was maintained at 20±0.05◦C.
Following the exposure to CO2, [C6mim][TF2N] experienced a −3× 10−4 RIU change
from 1.43155±5× 10 to 1.43125±5× 10 (mean±SD). This alteration in refractive
index is speculated to be caused by [C6mim][Tf2N] absorbing CO2 molecules into
the local cavities between the anions and cations. The uptake of CO2 molecules
into these inter-ionic spaces causes localised expansion while still maintaining the
overall configuration of the liquid [28]. As the medium expands, the volume increases
slightly, reducing the density thus causing the observed refractive index change.
This preliminary work showed that [C6mim][Tf2N] experienced a refractive index
change following CO2 exposure. Nevertheless, the noticeable difference in refractive
index was small and close to the resolution displayed by the refractometer. As the
refractive index change of the ionic liquid will need to be detected by an LPG, it was
therefore decided that the experiment would be repeated using an LPG immersed
in the ionic liquid to identify whether the refractive index alteration could also be
observed by an in-fibre grating.
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A 40 mm long LPG of 113.7 µm period with a 50% duty cycle was placed inside
a PTFE trough that contained grooves at either end to allow the LPG to be fully
submerged in the ionic liquid and be held under constant tension. The aforementioned
procedure was used with the exception that the pre- and post-exposure samples were
dispensed into the PTFE trough for assessment by the LPG, which was interrogated
using a broadband light source (LS-1, Ocean Optics) and a CCD spectrometer (S2000,
Ocean Optics) with resolution of 0.36 nm (Fig. 7.6). In addition to [C6mim][Tf2N]
SpectrometerLight source
[C6mim][Tf2N]
LPG
Attached to bench
Optical fibre
PTFE trough
Figure 7.6: Experimental arrangement for assessing refractive index change in [C6mim][Tf2N]
following exposure to CO2
being exposed to CO2, the ionic liquid was also subjected to SA for the same period
of time to act as a control sample. Once the initial wavelength had been obtained for
a particular test, the fibre was not adjusted until the post-exposure measurement had
been taken in order to ensure a consistent tension across the LPG. Both CO2 and
SA tests were repeated 3 times, where, following each measurement, the fibre was
washed with propanone and IPA prior to being dried with compressed air (Hurricane,
O2) until the baseline spectrum had been reacquired. Throughout the experimental
period, the laboratory temperature was measured every 15 min using a data logger
(i-Button, Maxim Integrated).
The left-hand attenuation band associated with LP19 operating at the PMTP
(centred at ∼810 nm in air) was used to assess whether a refractive index change
in [C6mim][Tf2N] was apparent. The average laboratory temperatures throughout
the tests for responses to CO2 and SA were 18.9±0.21 and 18.8±0.21◦C respectively.
Fig. 7.7 shows the measured wavelength of the attenuation band following immersion
in [C6mim][Tf2N] before and after the ionic liquid was subjected to either CO2 or
SA. An average red-shift of 1.22 nm was witnessed following exposure to CO2 in
comparison to a 3.33 × 10−4 nm change displayed following SA treatment. This
shows that the refractive index change observed after CO2 exposure was produced
by CO2 and not by another atmospheric air constituent such as Nitrogen or Oxygen
(major constituents of SA). The difference in initial wavelength (Pre) between SA
and CO2 is 0.357 nm which is below the resolution of the spectrometer and therefore
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Figure 7.7: Wavelength of the attenuation band corresponding to LP19 from a 40 mm LPG with
period 113.7 µm immersed in [C6mim][Tf2N] pre- and post- the ionic liquid being exposed to 16 h
of CO2 or SA. Error bars represent SD
can be considered negligible.
The 1.22 nm red-shift detected in the ionic liquid subjected to CO2 indicates that
there was a reduction in the surrounding refractive index. This supports the result
in the previous experiment conducted using the automated refractometer where
−3 × 10−4 RIU difference was also observed post-CO2 exposure. Crucially, this
outcome confirms that an LPG operating at or near the PMTP is able to detect
the change in refractive index experienced by [C6mim][Tf2N] when subjected to 20%
CO2 for 16 h.
In order to inform the experimental procedures used later in this chapter, it was
necessary to establish the response time of CO2 absorption in [C6mim][Tf2N]. Using
the same experimental procedure as previously described (Fig. 7.6), [C6mim][Tf2N]
was exposed to 20% CO2 for 15, 30, 60, 900, 1800, 3600, 7200 s (ranging from 15 s
to 2 h) and the wavelength shift of a newly fabricated 40 mm long LPG with the
same parameters (113.7 µm period and a 50% duty cycle) was assessed.
Inspection of the data presented in Fig. 7.8 demonstrates that an exposure time of 60
s is required for [C6mim][Tf2N] to absorb CO2 that induces a measurable wavelength
response. Exposure times greater than 30 s produced wavelength shifts that were
significantly larger than the one noted at 15 and 30 s, where all the wavelengths
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for these exposure times displayed a significant shift greater than error produced by
the resolution of the spectrometer (0.36 nm). Nevertheless, the error bars depicted
in Fig. 7.8 are derived from the spectrometer’s resolution. However, the central
wavelengths of these features were determined using the peak tracking software [29]
that operates by fitting a polynomial function to the data points. By applying a
curve fitting algorithm to the data, previous work has shown that it is possible to
obtain sub-pixel resolution in the determination of peak identification [30]. Therefore,
the error bars used in Fig. 7.8 depict the central wavelength of the attenuation
features in a worst case scenario and, since a polynomial algorithm was applied here,
it is highly likely that there is a more significant difference between the data points
either side of 60 s. This result demonstrates that ionogel requires at least 60 s of
CO2 exposure to elicit a significant wavelength response.
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Figure 7.8: Wavelength of the attenuation band corresponding to LP19 from a 40 mm LPG with
period 113.7 µm immersed in [C6mim][Tf2N] which had been to subjected to varying CO2 exposure
times. Error bars represent the resolution of the spectrometer (0.36 nm)
7.2.2 Preparation of ionogel
Since [C6mim][Tf2N] displays a refractive index change in response to CO2, the
next step was to develop a means to deposit the ionic liquid onto the surface of an
optical fibre while preserving the its CO2 absorption properties. Voss et al. [23]
demonstrated that it was possible to produce an ionogel (see Section 4.2.5), through
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the addition of a low molecular-weight organic gelator (LMOG), that possessed
mechanical stability yet still offered CO2 absorption performance similar to that of
pure [C6mim][Tf2N].
Based on the method outlined in [23], 6070 mg of [C6mim][Tf2N] was added to
91 mg of 12-hydroxystearic acid (Sigma Aldrich) prior to being heated at ∼100◦C
until a homogeneous solution was obtained. Upon cooling, a 1.5% (w/w) LMOG
loaded opaque gel was formed which, when inverted, did not flow (Fig. 7.9). This
percentage has been shown to be the maximum LMOG loading possible before a
bi-phasic product is produced that contains an ionic liquid rich phase and an LMOG
saturated phase [23].
Ionogel
50 mm
Figure 7.9: [C6mim][Tf2N] ionogel formed via the addition of 12-hydroxystearic acid. Note the
mechanical stability of the gel upon inversion
As the ionogel produced in [23] transits to a sol phase at ∼70◦C, the ionogel produced
here was also characterised for its sol-gel transition temperature. This was achieved
by placing the vial of ionogel in a water bath, placed on a hotplate with an RTD
probe (VWR), where the temperature was incrementally increased by 1◦C starting
initially at 65◦C. The vial was held at each temperature for 10 min to allow the
temperature to equilibrate in the ionogel. Once the time had elapsed, the inverted
test tube method was applied in which the vial was inverted and assessed to determine
whether the ionogel present flowed [31]. The temperature at which this occurred was
considered to be the sol-gel transition temperature, where this value was deemed to
be 74±0.5◦C for the ionogel.
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7.3 Ionogel fibre coatings
In order to apply the ionogel to the surface of the optical fibre, a coating system had
to be designed and developed. The deposition method would utilise the ionogel’s
ability to transit between a liquid and a gel. Using a temperature above the ionogel’s
sol-gel transition point would allow the coating to be applied whilst in liquid phase,
where upon cooling the ionogel deposited on the fibre would revert to the mechanically
stable gel phase. A dip-coating based system (see Section 4.1.1) was considered to
be the most suitable deposition method to exploit this attribute of the ionogel.
7.3.1 Development of coating system
The first prototype of the ionogel coating system can be seen in Fig. 7.10. The
operating principle of the apparatus relied on the temperature gradient between the
heated ionogel in the reservoir (controlled using the hotplate) and the surrounding
environment. A j-piece shaped glass capillary tubing was used to guide the optical
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Optical
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Figure 7.10: Diagrammatic representation of the initial prototype ionogel coating system. Arrow
indicates withdrawal direction
fibre into the ionogel and ensure that it emerged perpendicular to the gel’s surface.
Attaching the fibre to a translation stage (M150.11, PI) allowing withdrawal speeds
between 0 - 110.8 mm·min−1 to be obtained. Additionally, using a short j-piece
ensured only minimal ionogel volumes (∼4 ml) were required for each coating, thus
reducing the amounted wasted.
While this first coating system proved to be capable of depositing an ionogel onto
the fibre’s surface, it did suffer from a number of operational issues. The capillary
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tube j-piece was created with the largest possible bend radius in an attempt to
reduce fibre breakages. Nevertheless, the portion of the fibre which was stripped
of the plastic jacket regularly fractured inside the bend of the j-piece (80% of the
fibres tested). Secondly, the hotplate did not provide an accurate means by which to
heat the ionogel reservoir, potentially influencing the coating thickness and quality.
Finally, the layout of the system meant that a maximum 45 mm of fibre could be
coated. Although this would suffice for the majority of LPGs utilised, a greater
length would improve the flexibility of the coating system.
Following the issues identified in the initial coating system, the apparatus was
re-designed. The updated version of the coating system operated by feeding the
optical fibre into the bottom of a heated aluminium block, and withdrawing it
perpendicular through the ionogel reservoir, avoiding excessive bending of the optical
fibre (Fig. 7.11). This reservoir again was designed such that only a minimal quantity
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Figure 7.11: Diagram (a) and image (b) of the 2nd prototype of the ionogel coating system. Arrow
indicates withdrawal direction
of ionogel (∼1.5 ml) was required for coating. Additionally, the temperature control
was improved through the use of a PID controller (Rex C100, Bermes) that operated
a housed resistor. The feedback required for PID control was provided by a k-
type thermocouple which was situated directly adjacent to the ionogel reservoir.
Finally, the maximum coating distance was improved through integrating the coating
apparatus with the dip-coater (ND-R, Nadetech), where this equipment replaced the
translation stage as the mechanism controlling fibre withdrawal velocity.
Although the changes implemented to the system alleviated many of the issues
encountered in the previous design, a number of new problems were identified
following preliminary tests. These involved coating standard optical fibre (SMF-28)
with a 40 mm portion of its plastic jacket removed to simulate an LPG inscribed
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fibre. The ionogel temperature was nominally set to 80◦C and a withdrawal speed of
30 mm·s−1 was used.
Firstly, the attachment of the glass capillary tube to the aluminium block was
inherently weak. After a number of preliminary tests, the repeated force applied to
tubing by the fibre being withdrawn through the apparatus caused fractures in the
glass resulting in liquid ionogel leaking from the joint. More crucial however, was
the irregular ionogel deposition noted following examination of the fibre (Fig. 7.12).
200 µm
Figure 7.12: Light microscopy image of a ionogel coated optical fibre using the 2nd coating system
showing irregular features in the deposition (highlighted in yellow)
Closer inspection of the coating system during operation revealed that these deposition
features are most likely produced by the glass capillary tube at the glass-aluminium
interface. The adhesive used to attach the tube to the aluminium allows for slight
movement (further enhanced by the fractures previously mentioned), such that once
the optical fibre starts to be withdrawn through the system, the capillary tubing
shifts slightly, absorbing the fibre’s movement and reducing its speed, resulting in
a change in the deposition parameters of this deposited coating thickness. Once
the capillary tube had reached a certain point, it would recoil to its initial position,
changing the deposition again. This action was repeated throughout the entire
coating process causing the oscillatory deposition structures visible in Fig. 7.12.
Further refinements were implemented to the coating system to address the newly
identified problems. Most importantly, the glass capillary tube was substituted for
a stainless steel tube with a 500 µm lumen, which provided a non-fragile, stiffer
structure in which to guide the optical fibre. Additionally, this tube also stopped
the ionogel from flowing out of the reservoir. As the distal portion of the tube was
of a lower temperature, the ionogel solidified, thus acting as a self-regulating plug
that an optical fibre could pass through. In addition to the stainless steel tube,
the large, single housed resistor was replaced by two smaller resistors which were
positioned either side of the ionogel reservoir in order to reduce the heating-up time
and to provide a more even heat distribution to the reservoir. The final version of
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the coating system can be seen in Fig. 7.13. The system was able to maintain the
ionogel reservoir temperature to ±0.5◦C and, through use of the dip-coater, possessed
withdrawal velocities ranging from 0.12 - 500 mm·min−1. All ionogel coated fibres
used in the remainder of this work were all produced using this coating system.
Optical fibre
Thermocouple
PID controlled
housed resistors
Ionogel reservoir
Dip-coater arm
Figure 7.13: Image of the final coating system used to deposit ionogel. Arrows indicates direction
of withdrawal
7.3.2 Ionogel surface characteristics
Visual inspection of the ionogel coating was performed in order to understand the
surface morphology and to obtain an initial coating thickness measurement. Indeed,
both of these coating parameters directly affect the sensitivity of an LPG sensor
[32, 12]. Similar to the test fibres described in the previous section, lengths of PS750
fibre were coated with ionogel for environmental eSEM imaging.
Fibres were prepared for deposition by mechanically stripping 40 mm of the outer
plastic jacket and cleaning the newly exposed cladding surface with an IPA saturated
lens tissue in order to remove any dust or organic residue. A small piece of solid
ionogel was placed inside the reservoir prior to the apparatus being heated to 80◦C.
This initial temperature was decided upon as it is higher than the ionogel’s sol-gel
transition temperature (74◦C) and was found to ensure no gel re-solidified on the
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liquid’s surface. The fibre was subsequently fed through the stainless steel tube and
attached to the dip-coater’s arm which had been positioned to provide a coating
distance of 50 mm. The ionogel was allowed to reach a temperature steady-state for
15 min.
Using a withdrawal speed of 30 mm·min−1 (which is centred within the range of
speeds noted to produce a coating with minimal thickness in sol-gel dip-coating
[33] (see Section 4.1.1)), the fibres were coated, and once finished, were removed
carefully from the system ensuring that the fibre was not bent, which could damage
the ionogel coating. Coated fibre samples for eSEM analysis were hand-cleaved in the
centre of the ionogel coated section to allow both a thickness measurements (using
the freshly produced fibre end-face) and surface images to be obtained.
Fig. 7.14 shows the surface of the ionogel coated fibre. A deposition can clearly be
seen on the fibre’s surface. However, the ionogel coating contains numerous small
structures. Theses features may have been produced through surface contamination
or potentially via the trapping of small air-bubbles below the coating.
50 µm
10 µm
Figure 7.14: eSEM image of the ionogel coated fibre. Inset provides a more detailed view of the
ionogel surface features
Inspection of Fig. 7.15 reveals that the ionogel coating possessed a thickness of ∼500
nm. This coating is relatively thick for a sensing layer for an optical fibre, where
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typically coating thickness are in the region of 50 - 500 nm [34, 35, 1]. As discussed in
Section 4.1.1, the speed with which the fibre is withdrawn from the coating solution
effects the thickness of the deposition. The ionogel does not undergo evaporation, a
factor that influences the deposition process of materials typically used in dip-coating
[33], therefore withdrawal speed and ionogel viscosity are most likely the dominant
players in determining the thickness of the ionogel coating.
5 µm
0.50 µm
0.52 µm
Ionogel coating
Fibre end-face
Figure 7.15: eSEM image of the ionogel coated fibre’s end-face with coating thickness measure-
ments defined
Fig. 7.14 and 7.15 shows a section of uniform ionogel coating. Nevertheless, inspection
of another section of the coated fibre reveals that the deposition was inconsistent,
with large portions of the cladding surface completely absent of the ionogel coating
(Fig. 7.16). The contamination features (∼40 µm in diameter) highlighted in Fig. 7.16
could potentially be caused by dust or pieces of solidified gel that are present on
the surface of the ionogel in the reservoir when the fibre is withdrawn through the
interface. Additionally, it can be seen from Fig. 7.16 that there are sections of the
fibre with poorly deposited coating that appear to have contracted, forming a ridged
surface. It is unclear whether these structures are caused via the rapid cooling of
the ionogel coating or produced due to unsuitable fibre surface chemistry.
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Figure 7.16: eSEM image of the ionogel coated fibre with various deposition issues identifying
7.4 Improving the ionogel coating
As mentioned in the previous section, the shrinking of the ionogel coating observed
in Fig. 7.16 could be caused by the surface chemistry of the optical fibre. As the
ionogel is hydrophobic in nature, poorly deposited features could be caused by the
intermolecular forces of the ionogel and fibre surface repelling each other (analogous
to standard oil-water interactions). Indeed, LB coatings of the saturated fatty acid
ω-tricosenoic acid have been improved by treating the substrate with silane-based
pre-treatment to form preliminary hydrophobic surface [36]. This form of surface
treatment would minimise any repulsive inter-molecular forces between the ionogel
and optical fibre, which are speculated to be partly responsible for the inhomogeneous
deposition.
7.4.1 Silanisation
Silanisation is commonly employed to produce a hydrophobic glass surface [37, 38].
This is achieved by reacting silanisation agents such as (3-mercaptopropyl)triethoxysilane
[37] or (3-Aminopropyl)trimethoxysilane (AMPS) [38] with activated glass (Fig. 7.17).
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To confirm whether the pre-treatment procedure created a hydrophobic surface, glass
slides were initially used instead of optical fibre to allow goniometric analysis to be
performed. The glass surface must be cleaned thoroughly prior to any treatment to
ensure reproducible silansiation results [37]. A number of glass cleaning methods
have been reported in the literature, which combine various acids, bases, and solvents
in order to remove surface contamination [37]. As the cleaning process will ultimately
be applied to an optical fibre, which is inherently fragile, the cleaning method must
not be overly aggressive and not weaken the fibre structure.
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Figure 7.17: Process of silanating glass slides. Freshly cleaned glass is activated using NaOH to
produce surface hydroxyl-groups, which react with AMPS to form the silanated glass slide
To assess whether the process would negatively affect the fibre structure, two suc-
cessful cleaning methods outlined in [37] were tested on ten 50 mm lengths of plastic
jacket-free PS750 optical fibre (5 for each method). These schemes included a 30
min incubation in either CH3OH:HCl (1:1) solution (method 1) or piranha solution
(H2O2:H2SO4; 1:2) (method 2). Following both schemes, the fibres were rinsed
exhaustively with deionised water and allowed to fully air-dry. All reagents used to
create the cleaning solutions were used in concentrated form and purchased from
Sigma Aldrich.
It quickly became apparent that method 2 was unsuitable for cleaning optical fibres
as 80% of the test pieces were found to be broken upon being withdrawn from the
solution (in comparison to 0% witnessed in method 1). This level of damage would be
unacceptable for processing LPGs, considering the fabrication time needed to produce
a single grating (∼6 h). It was therefore decided that method 1 (CH3OH:HCl) would
be used to clean the glass slides in preparation for silanisation.
The protocol depicted in Fig. 7.17 was utilised to silanate glass slides (Blue Star)
(which was adapted from [38]). Following the application of cleaning method 1, the
slides were incubated in 1 M NaOH which was heated to 60◦C. Upon reaching this
temperature, the fibre was kept in the solution for a further 5 min. The glass slides
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were removed from the NaOH and rinsed in 60◦C deionised water to remove any
excess base. Following a final wash with propanone, the slides were air dried in the
fume hood and a solution of 2% (v/v) AMPS in anhydrous toluene (Sigma Aldrich)
was produced. The AMPS solution was poured into a coplin jar containing the
activated glass slides so that the silane completely covered the slides. The jar lid
was replaced, sealed with parafilm (ensuring minimal solvent evaporation), and left
to incubate for 24 h to ensure complete binding of the silane. Finally, the slides were
rinsed with propanone and left to dry in the fume hood.
7.4.2 Contact angle assessment
To confirm that the silanisation protocol created a hydrophobic glass surface, the
prepared slides were analysed by measuring the static contact angle between a sessile
water droplet and the glass surface using optical tensiometery. This technique is often
employed to evaluate a surface’s wetting ability, where the contact angle is acquired
by applying tangential lines along the liquid-gas and liquid-solid interfaces (Fig. 7.18)
[39]. Small contact angles indicate that the test surface possesses high wettability
(<90◦) while the converse is true for larger angles (>90◦). Super-hydrophobic surfaces
demonstrate water contact angles in the region of 150◦ [39]. Although a number
of other techniques are available to assess contact angles (Captive Bubble Method,
Wilhelmy Balance Method), the simplicity and convenience provided by optical
tensiometery makes it ideal for this experiment.
Sessile drop
Test surface
Contact angle
lg
ls
Figure 7.18: Illustration of contact angle assessment of a water sessile drop. As indicated by the
small contact angle, the surface is displaying hydrophilic properties. lg and ls indicate liquid-gas
and liquid-solid interfaces respectively
An optical tensiometer (Theta Lite, Attension) was used to measure the contact
angle on 8 glass slides that had been silanated as described in Section 7.4.1. To
provide a control comparison, 8 glass slides that had been cleaned using CH3OH:HCl
(see Section 7.4.1) but not silanated were also assessed. Typically, glass surfaces
which are contaminate free are highly hydrophilic, thus possessing low water contact
angles [40].
The slides were placed on the optical tensiometer’s stage and a 2 µl deionised water
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droplet was dispensed onto the glass surface via a micro-syringe pipette (Fig. 7.19).
During this process, the camera recorded the formation of the drop (at 6 fps) as
it was placed onto the glass slide over a 3 s period. For each frame, the optical
tensiometer software automatically calculated a mean contact angle (by fitting the
Young-Laplace equation around the drop) from angles obtained at the left and right
side of the drop. The contact angle used for each drop was produced by averaging
the final 6 mean values provided by the software. Every slide was tested with 6 drops
and a mean contact angle calculated.
Camera
Syringe
Water sessile dropTest slide
Light source
Figure 7.19: Image of the Optical Tensiometer setup. As the water sessile drop is placed onto
the slide, the camera records the process for contact angle analysis to be conducted
The results from the contact angle analysis can be seen in Fig. 7.20. It is clear that
all the glass slides that experienced silanation displayed greater contact angles than
those that were just cleaned (control). This result is reflected in the inset of Fig. 7.20
where the average contact angle (±SD) for the silananted slides is 59.75±2.39◦
compared with 32.25±2.28◦ for the control slides. The difference in contact angle
demonstrates that the surface of the silanated slides are more hydrophobic than the
slides that only experienced the cleaning protocol. The average contact angle noted
by the silanated slides is of a similar magnitude to previous literature [37], although
the authors of this work used (3-mercaptopropyl)triethoxysilane as the silanating
reagent.
However, comparing the mean contact angle of the control slides with contact angles
noted in the paper from which the cleaning method was obtained [37], it can be seen
that the angles observed here are significantly larger. This indicates that the glass
surface is not as clean as the ones reported by Cras and colleagues [37]. One reason
for this could be due the fact that the authors in [37] dried the samples with pure
Nitrogen in a glove box whereas the glass slides reported here were left to dry in a
fume hood, thus open to contamination from particles circulating in the laboratory
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Figure 7.20: Comparison between mean contact angles for silanated (AMPS) and control
(CH3OH:HCl cleaned) treated glass slides. Inset shows the mean contact angle for all slides
of a particular treatment. Error bars in both cases represent SD
air. Nevertheless, when comparing the mean contact angle of the control samples
(32.25±2.28◦) with the contact angle of a glass slide freshly withdrawn from a new
box of slides (48.92±0.68◦), the reduction in angle following cleaning would suggest
that process did improve the cleanliness of the surface.
The results presented in Fig. 7.20 demonstrate that the silanation method not
only fixed the AMPS onto the glass slides but also that this deposition presented
hydrophobic tendencies. Since the silanation method was successful on glass slides,
the next step was to confirm that this could be translated to optical fibres.
Utilising the same procedures as mentioned previously (see Section 7.4.1), optical
fibres were cleaned and silanated. However, as optical tensiometry can not be
performed on an optical fibre (physically too small), a qualitative colorimetric
confirmation process was adopted. Since AMPS contains primary amine groups
(-NH2), it is possible to observe an orange colour change when these groups are
exposed to 2,4,6-trinitrobenzene sulfonic acid (TNBSA). Therefore, using an adapted
procedure outlined in [41] that uses TNBSA for amine detection, the silanated optical
fibres were assessed for the presence of primary amine groups (and by extension the
presence of silanation).
Once the silanated fibres had dried, a solution of 2% (v/v) TNBSA in deionised
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water was then heated to 37◦C. The fibres were incubated in the solution for 10 min.
To ensure the colour change was induced by the AMPS deposition and not via the
cleaning process, a control fibre which had been cleaned but not silanated was also
incubated in the TNBSA solution to act as a control.
Qualitative confirmation that the silanation process described in Section 7.4.1 could
be translated to optical fibres can be seen in Fig. 7.21, where the primary amines
present on the AMPS-silanated fibre have reacted with the TNBSA to form the
orange chromogenic product. This change was not observed on the control fibre
which had only received the cleaning procedure. Variations in the depth of colour
displayed by the AMPS-treated fibre would indicate that the silanation process was
not consistent along the fibre. Nonetheless, the entire section of the fibre treated with
AMPS did react with TNBSA showing that silanation occurred over the intended
region. The TNBSA treated fibre was also wiped with a lens tissue saturated with
IPA to qualitatively assess whether the silanated deposition could endure physical
manipulation. Following 3 passes (up and down) with the lens tissue, the orange
product was still visible thus suggesting that a silanated fibre could be coated with
ionogel, have the deposition removed using IPA saturated lens tissue, and still possess
a silanated surface in preparation for further coating.
Silanated
fibre
Control
fibre
2 mm
Figure 7.21: Qualitative confirmation of the presence of AMPS on optical fibres where the
silanated fibre clearly shows an orange derivative which is not observable on the control fibre
It should be noted that contact angle of fibre-like structures can be inferred using the
Wilhelmy Balance method [39], however this process requires the use of a sensitive
tensiometer which was not available during this project. Nevertheless, the data
portrayed in Fig. 7.20 along with the image depicted in Fig. 7.21 present substantial
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evidence for the occurrence of silanation on optical fibres and that this deposition
creates a hydrophobic surface.
7.4.3 Ionogel coating following fibre pretreatment
The results from the previous sections have shown that it is possible to silanate the
surface of a silica optical fibre with AMPS and that a silica surface treated with this
aminosilane presents hydrophobic properties. It was therefore necessary to utilise
this pretreatment for ionogel coated fibres and determine whether an improvement
in coating quality could be identified.
Short lengths of PS750 optical fibre had a 40 mm section of plastic jacket removed
and the newly revealed surface was silanated using the procedure described in
Section 7.4.1. The coating parameters (ionogel temperature and withdrawal speed)
used in Section 7.3.2 were also adopted here to provide a fair comparison with
the results outlined in that section. Again, similarly to the method adopted in
Section 7.3.2, the coated fibres were hand-cleaved in the centre of the ionogel coating
to allow thickness measurements and surface characteristics to be obtained by eSEM
analysis.
An eSEM image of the fibre’s surface is shown in Fig. 7.22. Pretreatment of the
fibre with AMPS prior to coating has improved the ionogel surface. In comparison
to Fig. 7.14, the coating is more homogeneous showing fewer surface features and
abnormalities. The noted improvement is speculated to be caused by augmenting the
ionogel’s wetting ability, increasing the adhesive forces between the fibre’s surface
and ionogel. Although improved, the coating is not perfect, where there are still
noticeable defects present on the ionogel’s surface.
An inspection of Fig. 7.23 reveals that the coating thickness is of a similar magnitude
to that seen prior to silanisation treatment (Fig. 7.15). This is expected as the
silanisation fibre pretreatment would improve the coating’s homogeneity but not
effect its thickness.
7.4.4 Withdrawal speed effect on ionogel coating thickness
Since the silanisation pretreatment allowed a more reliable ionogel coating to be
applied to an optical fibre, an investigation into the effect of withdrawal speed on
coating thickness was undertaken. Typically, coating thickness is influenced by the
substrate’s withdrawal speed in a standard dip-coating procedure, where the material
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20 µm
Figure 7.22: eSEM image of an ionogel coated fibre which had been pretreated with the silane
AMPS
to be applied is dissolved in a solvent e.g. sol-gel (see Section 4.1.1). However, the
process used here is slightly different. The ionogel is not dispersed in a solvent
but maintained in liquid form via an elevated temperature. The ionogel solidifies
once removed from the heat source. Although suspected, it is unclear whether the
withdrawal speed of the optical fibre influences the coating thickness.
Since LPGs demonstrate a wavelength shift in response to variations in coating
thickness [42, 11], it was decided that these in-fibre gratings would be used to asses
the effect of withdrawal speed on ionogel coating thickness. A 40 mm long LPG of
period 109.2 µm and a duty cycle of 50% was fabricated as outlined in Section 5.1 and
silanated as previously described (Section 7.4.1). The LPG was interrogated with a
LS-1 tungsten light source (Ocean Optics) and a CCD spectrometer with a resolution
of 0.13 nm (HR4000, Ocean Optics). A new batch of 1.5% (w/w) LMOG ionogel
was produced (transition temperature of 74◦C) and placed into the ionogel reservoir
where it was heated to 80◦C. A baseline spectrum was obtained. The end of the
fibre coupled to the light source was then removed and subsequently fed through the
ionogel reservoir into the stainless steel tube before being attached to the dip-coater
arm. Removing the light-source coupled fibre-end rather than the spectrometer fibre-
end ensured that spectral artefacts (intensity change, skewed spectrum), observable
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5 µm
Ionogel coating
0.47 µm
Fibre end-face
Figure 7.23: eSEM image of an ionogel coated fibre’s end-face with coating thickness measurements
defined
when re-coupling a fibre to a spectrometer, were kept to a minimum. The LPG was
coated using withdrawal speeds of 18, 30, 100, 200, 300 mm·min−1. After coating,
the fibre was removed from the apparatus and attached to an aluminium frame to
maintain tension across the grating. Prior to obtaining a spectrum, the fibre-end
was re-cleaved before being coupled to the light source. Between each deposition,
the ionogel coating was removed using IPA saturated lens tissue and the fibre was
wiped until the transmission spectrum had returned to baseline indicating that the
ionogel had been completely removed. Coating depositions at each withdrawal speed
were repeated for a total of 3 times. The attenuation band central wavelengths were
identified using SIR software [29].
The resonance band corresponding to LP19 was initially operating at the PMTP.
Upon coating, the change in phase matching condition was such that dual resonance
bands were formed. The left-hand (blue shifted) attenuation band was monitored for
coating mediated wavelength changes. This response can be seen in Fig. 7.24. An
increasing withdrawal speed produced a greater wavelength shift from the attenuation
band. A larger shift implies that the thickness of the coating increased (on the
assumption that the refractive index remains constant) [42] with faster withdrawal
speeds. This result is in agreement with previous literature on dip-coating [43],
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where the relationship between withdrawal speed and coating thickness takes the
form of a parabola, with velocity values further from the vertex producing thicker
coatings. It should be noted that the dependence of wavelength on coating thickness
shows a non-linearity [42, 44], which is further compounded by operating near the
PMTP. As a result, the data presented in Fig. 7.24 provides a qualitative view on
the relationship between withdrawal speed and ionogel coating thickness.
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Figure 7.24: Wavelength response of attenuation band corresponding to LP19 to the deposition
of an ionogel using different withdrawal speeds. Error bars represent SD
The coating thickness for standard sol-gel dip-coating can be estimated using Equa-
tion 4.1, which considers both draining and capillarity regimes (see Section 4.1.1).
This expression is unsuitable for the ionogel coating described here since the gel does
not experience evaporation, thus capillarity effects do not influence the deposition
thickness. Eliminating the irrelevant terms and expanding D, the coating thickness
can be estimated by [33],
h0 =
0.94η2/3g
γg(ρgg)1/2
u2/3, (7.1)
where ηg, γg, and ρg are viscosity, the surface tension and density of the ionogel,
respectively, while g is gravitational acceleration. Equation 7.1 describes the draining
regime only, indicating an inverse linear relationship between withdrawal speed and
coating thickness. However, this description does not explain fully the non-linear
correlation noted in Fig. 7.24. Nevertheless, Equation 7.1 does not take into account
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the cooling effect of the ionogel as it is withdrawn from the reservoir. The gel’s
viscosity would change as it cools, most likely influencing the thickness of the ionogel
coating. Therefore, further work is required to fully understand the mechanisms that
govern the coating thickness and to adapt Equation 7.1 to take into account the
solidification of the ionogel during the coating process.
7.5 Characterisation of LPG CO2 ionogel sensor
Sections 7.2.1 and 7.4.3 have confirmed that the ionic liquid [C6mim][Tf2N] absorbs
CO2 and that it is possible to coat an optical fibre with an ionogel of this ionic liquid.
It is therefore necessary to establish whether an LPG coated with ionogel will be
able to detect CO2 and whether the response is reversible.
7.5.1 Ionogel CO2 response
A 40 mm long LPG of period 113.5 µm with a 50% duty cycle was fabricated as
described in Section 5.1. This period was selected to ensure the grating was operating
past the PMTP of LP19, such that, once coated, the LPG would display dual resonance
band corresponding to this cladding mode. The LPG was silanated as described in
Section 7.4.1 and coated with ionogel using a withdrawal speed of 30 mm·min−1.
The coating was assessed under a light microscope before progressing further in
order to confirm deposition. Using the same experimental layout depicted in Fig. 7.6,
but with the addition of the humidity generator as described in Section 7.1.2, the
ionogel coated LPG was inserted into the modified gas cell along with a data logger
(i-button, Maxim Integrated) to monitor temperature and humidity at an acquisition
interval of 20 s. Throughout the experiment the coated LPG was interrogated using
a broadband light source (LS-1, Ocean Optics) and a CCD spectrometer (HR4000,
Ocean Optics) with a resolution of 0.13 nm. The humidity generator was set to
produce a flow rate of 400 cc·min−1 with 50% RH and 20◦C. The modified gas cell
was flushed with SA for 25 min to ensure a consistent temperature and humidity.
Following the preliminary cell preparation, the SA was turned off and the LPG was
exposed to 20% CO2 for 25 min. The attenuation band’s central wavelength was
tracked using SIR software [29] and associated data was processed with a moving
average function (window size of 10).
The response of the ionogel coated LPG to 20% CO2 is presented in Fig. 7.25. The
attenuation band displayed an 8.3 nm wavelength shift which took approximately 90
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s to occur. In comparison to previous literature, the wavelength shift noted here is
far greater than that reported by Melo et al. [2] who observed a 0.134 nm shift to
100% CO2 using an LPG with a passive coating (polystyrene) operating at the mode
transition region. However, Hromadka et al. [45] demonstrated a MOF (HKUST-1)
coated LPG which showed a 10.58 nm shift in response to 4% CO2 showing a larger
wavelength change to a lower CO2 concentration than the response presented in
Fig. 7.25. Although it is not possible to definitively compare the response time of the
ionogel coated LPG described here with the aforementioned literature, as this datum
was not explicitly disclosed in the articles, estimations based on graph interpretations
show that all 3 devices have response times between 1-2 min.
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Figure 7.25: Wavelength response of attenuation band corresponding to LP19 from an LPG
coated with [C6mim][Tf2N] ionogel when exposed to 20% CO2. Temperature and relative humidity
are also shown in order to provide a clear comparison. Lines are associated with their y-axis based
on like colours
To ensure this change was CO2 mediated and not due to an external parameter,
relative humidity and temperature were plotted in conjunction with the wavelength
shift to identify if any correlation existed between these measurands (Fig. 7.25). A
small change in both temperature (0.5◦C) and relative humidity (∼3%) can be noted
at a similar time to the 8.3 nm wavelength shift. However, if the observed response
was due to either of these external parameters, the attenuation band would be
expected to alter dramatically throughout the 25 min exposure as both temperature
and relative humidity fluctuated during this time period.
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The negative wavelength shift presented by the left-hand attenuation band associated
with LP19 would indicate that there was an increase in coating refractive index. This
change in response to CO2 contradicts the data displayed in Section 7.2.1, where
the ionic liquid produced a positive wavelength shift (thus a decrease in refractive
index) from the left-hand attenuation band corresponding to the same cladding mode
following exposure to CO2. While the ionic liquid most likely increased in volume,
thus producing the noted decrease in refractive index, a similar mechanism would not
be possible in the ionogel since it possesses a rigid structure. Therefore rather than
increasing in volume, it is speculated that the CO2 molecules are absorbed within
the ionogel causing an increase in density, thus producing the detectable positive
change in refractive index.
Another aspect of the attenuation band’s response which is apparent in Fig. 7.25
is the small fluctuations following the initial large shift. The perturbations equate
to 0.3 nm changes centred around -8.3 nm. These changes are greater than the
spectrometers resolution (0.13 nm) and are produced by noise in the spectrum. The
resonance band monitored during this experiment presented adequate attenuation
prior to ionogel coating (20% transmission difference in comparison to pre-fabrication
values). However, following silanisation and ionogel deposition, the resonance fea-
ture’s attenuation diminished dramatically (to 4%) compromising feature tracking.
Although the initial wavelength shift to 20% CO2 was large in comparison to the
spectral noise, the presence of this would severely diminish the sensor’s LoD.
To assess whether the ionogel coated LPG would demonstrate a repeatable response
to subsequent CO2 exposures, the experiment was extended so that the device was
subjected to 25 min cycles of SA and CO2. Similar to the data displayed in Fig. 7.25,
the wavelength response of the attenuation band during the repeatability experiment
was plotted alongside temperature and relative humidity (Fig. 7.26).
Fig. 7.26 shows that the attenuation band experienced an ∼8 nm wavelength shift
when exposed to CO2, however, when the LPG was subjected to SA, the wavelength
shift produced by CO2 was reversed, returning the attenuation band to its initial
wavelength. This behaviour is produced by the fact that the CO2 molecules are phys-
ically absorbed by the ionogel rather than being chemically bound (see Section 4.2.5),
thus the absorption requires less energy to reverse the interaction. In this case, the
decrease in partial pressure of CO2 causes the ionogel coating to degas.
The response time of the ionogel coated LPG was of a similar magnitude to that
observed in the previous experiment (90 s), where both CO2 cycles elicited this
response time. It is speculated that the response time of the device is highly dependent
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Figure 7.26: Wavelength response of attenuation band corresponding to LP19 from an LPG coated
with [C6mim][Tf2N] ionogel when exposed to 25 min cycles of SA and 20% CO2. Temperature and
relative humidity are also shown in order to provide a clear comparison. Lines are associated with
their y-axis based on like colours
on the ability of the ionogel coating to allow the CO2 molecules to permeate through
the gel structure, where potentially a thinner coating may improve the response
time. Nevertheless, the modified gas cell may also have influenced the response time
witnessed here. Since the gas cell possesses an internal volume of 113 ml, it would
take approximately 30 s for the 20% CO2 to fully replace the SA inside the cell
(based on a flow rate of 200 ml·min−1). Since the LPG was suspended in the centre
of the gas cell, the grating may not have been immediately exposed to CO2 upon
flow initiation, therefore the 90 s response time observed for the ionogel coated LPG
may include a portion of the 30 s required to the fill the volume of the cell with
CO2. Interestingly, the ionogel coating required 25 min to fully degas and return
to baseline values. Within the first 10 min of SA exposure, the attenuation band
had shifted by 75% of the change seen in CO2 (50 - 60 min in Fig. 7.26). However,
the final 25% required 15 min before the attenaution band returned to its starting
wavelength.
Similar to the results witnessed in Fig. 7.25, temperature and relative humidity do
not appear to contribute significantly to the wavelength shift noted as both of these
measurands fluctuated throughout the experiment.
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7.5.2 Ionogel humidity response
Although [C6mim][Tf2N] is hydrophobic, this material will still display some form
of interaction with humidity, which may lead to a detectable response from the
LPG. Consequently, the effect of humidity variation on the ionogel coated LPG was
assessed.
Using the same ionogel coated fibre and experimental setup as described in the
previous section (Section 7.5.1), the LPG was exposed to a 400 cc·min−1 flow of SA
that cycled from 40% - 60% - 40% relative humidity in 25 min intervals. It took
approximately 60 s for the humidity to stabilise at each level. A data logger was
used to confirm the relative humidity change and monitor the internal temperature
of the modified gas cell throughout the experimental procedure. The wavelength
response of the same resonance feature monitored previously was once more tracked.
The results are presented in Fig. 7.27. A 5.5 nm wavelength shift (with a sensitivity
of 0.275 nm·%−1) was noted following a change in relative humidity from 40% to
60% which was confirmed by the data logger. Once the relative humidity returned
to 40%, the resonance band responded accordingly, shifting back to the initial
wavelength. Furthermore, the ionogel coated LPG required only ∼1 min to reach
a steady wavelength, which considering the humidity generator required 1 min to
change from 40% to 60%, would indicate that the ionogel coated LPG responded
immediately to the changing humidity. This response was far quicker than observed
by the data logger, which needed ∼5 min to establish the humidity change. The
disparity between the response times of the two devices is most likely caused by the
slower sampling rate of the data logger (20 s in comparison to 0.5 s of the LPG)
and its location at the bottom of the gas cell in comparison to the LPG which was
positioned in the centre.
The observed wavelength shift in response to a 20% relative humidity change is
unexpected considering the hydrophobic nature of [C6mim][Tf2N]. However, even
hydrophobic ionic liquids, such as [Bmim][Tf2N], have been shown to absorb at-
mospheric moisture, despite these molten salts possessing anion-cation pairs that
promote a hydrophobic surface [46]. Although the structure of [C6mim][Tf2N] reduces
surface adsorption, water can favourably diffuse through the liquid regardless of the
poor water interaction witnessed by the anion [Tf2N]− [46]. This lack of hydrophilic
attraction displayed by [Tf2N]− is speculated to cause small water aggregates to form
inside the ionic liquid which further promote the self-diffusion of water, exacerbating
the issue [47].
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Figure 7.27: Wavelength response of attenuation band corresponding to LP19 from an LPG
coated with [C6mim][Tf2N] ionogel when humidity is changed from 40% - 60% - 40%. Relative
humidity changes were monitored by the data logger and are also shown. Lines are associated with
their y-axis based on like colours
Another important feature that is observable in Fig. 7.27 is the positive wavelength
shift noted in response to increasing humidity. A red-shift in this case indicates
that the surrounding refractive index of the LPG decreased. This reduction in
refractive index is surprising, since, if the ionogel absorbed the atmospheric water
the density of the gel would increase, thus a response similar to the one depicted in
Fig. 7.25 (following absorption of CO2) would be expected. Nevertheless, it could
be speculated that the water molecules that diffuse through the ionogel coating are
able to condense on the surface of the LPG. As the refractive index of water (1.333)
is less than that of the ionogel (1.436), the LPG would therefore respond with a
positive wavelength shift. Additionally, the role of the LMOG fibrous structure in
which [C6mim][Tf2N] is contained within the porous assembly may also influence the
absorption of water. Previous studies examining oil composite 12-hydroxystearic
acid gels have shown that water causes the gel structure to swell [48]. If the LMOG-
based gel did increase in volume, a reduction in refractive index would be expected.
However, all of these suggested mechanism require further examination to confirm
their role in the humidity mediated wavelength shift.
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7.5.3 Ionogel temperature response
To establish whether the ionogel deposition enhances an LPG’s sensitivity to tem-
perature, a coated and a non-coated LPG were subjected to a temperature increase.
Typically, an LPG in standard telecommunications optical fibre has a temperature
sensitivity in the range of 0.03 - 0.10 nm·◦C−1 and up to 2.75 nm·◦C−1 in photo-
sensitive B-Ge codoped fibre [49]. However, the ionogel deposition is susceptible to a
phase change near its sol-gel transition temperature and it is unclear whether there
is a gradual change in gel structure that starts to occur far below this point which
could influence the LPG’s response.
A 40 mm long LPG was fabricated with a period and duty cycle of 113.8 µm and 50%,
respectively, using the method described in Section 5.1. Following the silanisation
protocol of Section 7.4.1, the LPG was coated with ionogel using a withdrawal speed
of 30 mm·min−1 at a temperature of 80◦C. A separate LPG was fabricated with the
same length and duty cycle as the coated grating but with a period of 113.1 µm.
The difference in periodicity was required in order to ensure that both the ionogel
coated and non-coated LPGs coupled to the same cladding modes with associated
attenuation bands operating at similar wavelengths. This guaranteed that they would
both possess near-identical inherent sensitivities, an that any significant wavelength
shifts could be confidently attributed to the addition of the ionogel coating.
Utilising a similar experimental arrangement as outlined in Fig. 6.2.1, the LPGs
were placed inside the oven and their temperature sensitivities characterised in the
range of 25 - 45◦C in increments of 5◦C, where each temperature was maintained for
30 min. This range of temperatures were selected as they are significantly below the
sol-gel transition temperature (74◦C). The gratings were interrogated throughout
with a broadband source (LS-1, Ocean Optics) and a CCD spectrometer (HR4000,
Ocean Optics) where the former was allowed to stabilise for 40 min. Each fibre was
assessed three times and the attenuation band associated with LP19 was tracked
using SIR software [29].
The wavelength response to variations in temperature for the ionogel coated and
non-coated LPGs can be seen in Fig. 7.28. Temperature sensitivities of -0.93±0.07
nm·◦C−1 and -1.03±0.04 nm·◦C−1 were witnessed in the ionogel coated and non-
coated LPGs, respectively. The similar sensitivities displayed by both LPGs indicates
that the ionogel coating does not significantly influence the temperature response of
the LPG. This demonstrates that the ionogel coating is physically stable up to at
least 45◦C, since any phase change would result in a slight alteration in the coating’s
refractive index, changing the effective index of the cladding inducing a resonance
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Figure 7.28: Wavelength response of attenuation band corresponding to LP19 for a non-coated
and [C6mim][Tf2N] ionogel coated LPG to a temperature change from 25 - 45◦C. Method least
squares used to calculate linear fit. Error bars represent SD
wavelength shift.
7.5.4 Silanisation CO2 response
Since the pre-treatment material, AMPS, possesses structural amine groups, which
demonstrate an affinity for CO2 (see Section 4.2.1), it is important to confirm whether
the CO2 response witnessed in Section 7.5.1 was induced by the ionogel coating and
not created via a silane mediated change. Therefore, the experimental procedure
reported in Section 7.5.1 was repeated for a 40 mm long LPG with a period of 113.7
µm and a 50% duty cycle that had only received the silanisation process described
in Section 7.4.1.
It is clear from Fig. 7.29 that an LPG treated with AMPS demonstrates no wavelength
response when exposed to 20% CO2. The minimal wavelength shift detected is below
the resolution of the spectrometer (0.13 nm), thus indicating that the CO2 mediated
wavelength shift observed in Section 7.5.1 was produced by the ionogel coating rather
than the AMPS pre-treatment process.
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Figure 7.29: Wavelength response of attenuation band corresponding to LP19 from an LPG
coated with AMPS when exposed to 20% CO2. Temperature and relative humidity are also shown
in order to provide a clear comparison. Lines are associated with their y-axis based on like colours
7.6 Summary and conclusion
The use of a composite PEI/SiO2 deposition to create a CO2 sensitive LPG coating
was evaluated and found to be unsuitable due to its high humidity sensitivity. This
led to subsequent investigations into the suitability of the ionic liquid [C6mim][Tf2N]
as a potential CO2 sensitive LPG coating. It was found that exposure to gaseous
CO2 induced a refractive index change within 1 min that was detectable by an
LPG. The ionic liquid was solidified into a gel using 12-hydroxystearic acid and a
coating system was developed to allow the application of this ionogel to the surface
of optical fibres. Following the analysis of eSEM images, the ionogel coated fibres
presented inconsistent deposition and surface contamination. To alleviate these issues,
the optical fibre was thoroughly cleaned and its surface silanated prior to coating.
A preliminary investigation into the effect of fibre withdrawal speed on ionogel
coating thickness was also conducted and it was found that coating thickness was
inversely related to withdrawal speed. However, further work is required to establish a
withdrawal speed that produces an ionogel coating with a minimal thickness. Finally,
an ionogel coated LPG with a thickness of 500 nm demonstrated an 8.3±0.13 nm
wavelength shift in response to 20% CO2 which could be regenerated via a change
in CO2 partial pressure. The coated LPG did not show an enhanced temperature
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response, however, a 5±0.13 nm wavelength shift was noted following a 20% change
in relative humidity.
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Chapter 8
Conclusions and future work
During the course of this PhD project, a novel LPG-based CO2 sensor using an ionic
liquid deposition as the sensitive coating was developed. Since LPGs were an integral
part of the sensing device, fabrication techniques to optimise the performance of
these in-fibre elements were investigated. This chapter aims to summarise the key
findings presented in this thesis and provide recommendations in which to extend
the work presented here.
8.1 Summary
Initial work focussed upon assessing the repeatability of the overwrite LPG fabrication
method to ensure the process was capable of repeatedly producing sensors with
attenuation features at desired wavelengths. By creating LPGs with the same
period, duty cycle, and total exposure time (6 cycles of 5 s), it was shown that it
is possible to fabricate 3 LPGs that possessed attenuation band coupling to the
LP14 mode with central wavelengths that were within ∼4 nm of each other, a 6 nm
improvement on previous work which explored the single exposure point-by-point
method [1]. Furthermore, it was also demonstrated that the period of the LPG does
not completely define the wavelength of attenuation bands, where two gratings of a
slightly different period (113.0 µm and 113.2 µm) showed transmission spectra with
attenuation features at the same wavelengths. This was achieved by exposing the
LPG with a shorter period to more UV exposure cycles thus experiencing a larger
refractive index modulation.
Using the overwrite method, 67 LPGs were fabricated with periods between 100 -
200 µm in optical fibre that possessed a short cut-off wavelength (620 nm) allowing
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the features to be detected by a CCD spectrometer. The transmission data were
subsequently displayed as an intensity plot in order to aid sensor design as it is
possible to predict the period necessary to obtain an LPG with desired attenuation
features. Moreover, this technique highlights additional features (e.g. 2nd order
coupling), which may not be so clearly identifiable via a single transmission spectrum.
With the data mapped out as an intensity plot, all the PMTPs accessible for LPGs
with a period in this range were clearly visible. LPG transmission data displayed in
this manner is of particular use when designing LPGs. Although numerical modelling
can typically be utilised for accurately predicting the presence of transmission
features in standard telecommunication fibre (e.g. SMF28), LPGs that operate at
the PMTP using non-standard optical fibre (e.g. PS750), or require the deposition
of coatings where the thickness and refractive index is uncertain, are difficult to
simulate accurately.
Following the identification of 2nd order coupling features in the intensity plot
which displayed sequential LPG transmission data, a theoretical and experimental
investigation into the effects of the UV irradiation duty cycle during LPG fabrication
was conducted, revealing that variations in this parameter determined which harmonic
features were present in the transmission spectrum. It was demonstrated that an
LPG fabricated with a 50% duty cycle maximised 1st order coupling and did not
possess features associated with 2nd order coupling. However, producing an LPG
with a 25% or 75% duty cyle created a grating which contained 2nd order resonance
bands with the greatest attenuation.
Previous work has exploited 2nd order features for multi-parameter sensing [2] over a
wavelength range of 600 - 1600 nm using an OSA. By utilising an LPG with a 181.5
µm period and a 25% duty cycle, it was shown here that a feature-rich spectrum which
included 2nd order attenuation bands was achievable within the wavelength range of
a CCD spectrometer (550 - 1000 nm). Since CCD spectrometer-based interrogation
is cheaper (in comparison to an OSA), the efficacy of multi-parameter sensing using
the aforementioned LPG was evaluated. Following assessment of the sensitivity to
environmental parameters (temperature, longitudinal strain, surrounding refractive
index), the 1st and 2nd order attenuation features were numerically analysed for their
feasibility to distinguish simultaneous parameters. Using a more rigorous numerical
evaluation than [2], it was shown that accurate discrimination was not attainable
via the use of 1st and 2nd order attenuation features associated with LP14 and LP22,
respectively.
To identify a suitable sensitive coating for the LPG CO2 sensor, the feasibility of the
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alkanoamine PEI was explored. This material demonstrates an affinity for CO2 and
has been utilised as an active sensing layer in previously cited devices [3]. Adopting
the coating principle of LbL, PEI was deposited onto an LPG in a composite coating
with SiO2. It was expected that in the presence of CO2 the coating would induce
a detectable refractive index change. However, the PEI/SiO2 coated LPG was
extremely sensitive to variations in water vapour. As such, any response to CO2 was
ultimately masked by the influence of humidity.
Further investigation into an appropriate coating material resulted in the study of
[C6mim][Tf2N]. Although this ionic liquid demonstrates CO2 absorption [4], previous
studies have not indicated if this uptake produces a refractive index change. Data
presented here showed that a small refractive index alteration was induced from a
subsequent 20% CO2 exposure and that this change could be discerned by an LPG.
Furthermore, this noted change was established to occur within 1 min of exposure.
In order to apply [C6mim][Tf2N] to an optical fibre, the liquid was formed into
a mechanically stable ionogel and a fibre coating system was developed based on
the dip-coating technique. Initial inspection of the coated fibre revealed that the
ionogel deposition displayed an inhomogeneous nature with a number of surface
contamination issues. Through the use a methanol/HCl fibre wash and silanisation
pre-treatment, the ionogel coating demonstrated a more consistent surface and
thickness of 500 nm.
The [C6mim][Tf2N] coated LPG successfully responded to exposure of 20% CO2,
where this concentration produced an 8 nm wavelength shift with a response time
of 90 s. Moreover, the CO2 mediated change in the coating was easily reversible
by decreasing the partial pressure of CO2 allowing the sensor to return to baseline
within 25 min. The ionogel coated LPG was also assessed for its sensitivity to
temperature and humidity. Despite the fact that the coating did not influence the
LPG’s temperature sensitivity beyond inherent LPG values, the coated sensing
element did demonstrate a humidity sensitivity of 0.275 nm·%−1.
Finally, the overall aim of this project was to develop an LPG-based CO2 sensor
that could be operated in conjunction with an LPG breath ammonia sensor. As
highlighted in Chapter 1, it was hoped the device would detect CO2 in a concentration
range of 0 - 15% with an accuracy of ±0.2% and a response time of <0.1 s. The CO2
sensor created here demonstrated a response to 20% CO2 in 90 s and was not however
assessed in the desired concentration range. Nevertheless, based on the observed
wavelength shift (8.3 nm) and the resolution of the spectrometer (130 pm), it is
expected that the device would be able to detect a concentration of 1% (assuming a
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linear response). It was also shown that the sensor did display a response to changing
humidity, which would influence the device’s CO2 detection ability. In its current
state, the CO2 sensor does not meet the desired specification in order to fulfil the
overall objective as CO2 sensor suitable for breath analysis. However, a number of
improvements and modifications have been suggested in Section 8.2 that would allow
the CO2 sensor designed here to achieve the overall objective.
Besides breath sensing, the device could be adapted and utilised in other applications,
particularly those environments in which standard CO2 sensors would not be able
to access. These could include the detection of leaks in underground CO2 storage
reservoirs (where the sensor would be underground, allowing the instrumentation to
remain on the surface) or to aid in mine safety (similarly exploiting the ability to
have kilometres of fibre through mine shafts while keeping sensitive instruments at
the entrance).
8.2 Future work
Although the main aim of the project, to develop an LPG-based CO2 sensor, was
achieved, a number of concepts and techniques presented here would benefit from
further investigation and bring the sensor closer to the required specification.
8.2.1 LPG operation
During the fabrication of LPGs that contain 2nd order resonance bands, the selection
of an appropriate period ensures these features are distinct from the 1st order
attenuation bands. However, if the fibre is subjected to a significant environmental
perturbation, i.e. a large change in temperature, the 2nd order resonance band
experiences a correspondingly large wavelength shift which often causes the band to
merge with less sensitive 1st order attenuation features, ultimately creating difficulties
regarding wavelength tracking. As can be seen in Fig. 8.1, as the 2nd order band
coalesces with the 1st order feature, the latter displays an intensity change. This
alteration is most noticeable at the beginning and end of the attenuation band
(Fig. 8.1), therefore, by developing a numerical method which compared the change
in intensities at these regions, the wavelength of the merging feature could be more
accurately determined.
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Figure 8.1: A portion of the offset transmission spectra from Fig. 5.9 highlighting the intensity
decrease in 1st order attenuation bands observed during the merging of 2nd order resonance features.
2nd order attenuation bands highlighted in red
8.2.2 Sensor fabrication
As mentioned in Chapter 7, the thickness of the ionogel coating applied to an optical
fibre is dependant on the speed with which it is withdrawn through the solution.
Although preliminary work was conducted on this aspect of the ionogel coating system
(see Fig. 7.24), the relationship between withdrawal speed and coating thickness
was not explored thoroughly. In a standard dip-coating process, the deposition
material is suspended in a solvent and the correlation between withdrawal speed
and coating thickness takes the form of a parabola, where a minimal deposition
thickness can be obtained by using withdrawal speeds centred at the minimum [5].
However, it is unclear whether the ionogel will display a similar behaviour as this
coating solidifies through a reduction in temperature rather than via an evaporation
of the solvent. Therefore, by investigating the effect of slower withdrawal speeds (less
than 18 mm·min−1) on coating thickness, a greater understanding of the relationship
between these variables can be established. Furthermore, this knowledge can be used
to determine the speed at which a minimal coating thickness can be acquired. This
is of particular importance as it is speculated that a thinner coating would produce
a quicker response/recovery time via faster diffusion of CO2 towards the coating
region that is able to interact with the evanescent field.
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The coating system developed in this thesis is very much of a prototype nature,
thus the reproducibility and quality of the coating can vary between depositions.
There a number of modifications which may improve the repeatability of the ionogel
coating. Firstly, a technique which ensures the fibre is withdrawn perpendicular to
the surface of the ionogel. This would produce an ionogel coating that possessed a
consistent thickness for the entire circumference of the fibre. Although every effort
was made to align the ionogel reservoir with the dip-coated arm (see Fig. 7.13 for
details of the coating system) in such a way that the fibre would be withdrawn
perpendicularly, this process was conducted by eye, therefore slight misalignment
errors were inevitable. By using cameras that monitor the x- and y-plane prior to
coating (Fig. 8.2 (a)), it would be possible to significantly reduce any discrepancies
in perpendicular alignment.
Secondly, by reducing the temperature gradient between the ionogel reservoir and
the ambient environment, the slower cooling effect experienced by the coating may
influence the surface characteristics. This could be achieved by placing a copper
sleeve round the fibre which would be seated on the aluminium block (Fig. 8.2 (b)).
The high thermal conductivity of copper would create a passive temperature gradient
which would be cooler at the distal end of the tube in relation to the aluminium
block.
Cameras
Dip-coater
arm
Ionogel
reservoir
Copper tube
Housed
resistor
Optical
fibre
Aluminium
block
(a) (b)
Figure 8.2: Illustration of the proposed improvements to the ionogel coating system for fibre
alignment (a) and temperature offset (b)
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8.2.3 Sensor performance
The detection of 20% CO2 was achieved using the ionogel sensor in Chapter 7. While
this result demonstrates that the ionogel coated LPG could be employed as a CO2
sensing element, it is important from a sensor perspective that the LoD of this
device be ascertained. The LoD is a key defining parameter of any sensor and helps
determine the suitability of the device to particular applications. This could be
accomplished by producing a concentration curve through measuring the wavelength
response to decreasing concentrations of CO2 and calculating the LoD using LoD =
3SD/b, where b is the gradient of the calibration curve [6].
It has been shown in Chapter 7 that the ionogel sensor demonstrated a repeatable
response to 3 cycles of CO2 and SA. While this result indicates that the sensor
has short-term stability (<2 h), it would be necessary to assess the device over a
longer period of time. Initially, the stability of the ionogel coated LPG could be
tested in a consistent concentration of CO2 for a month. This would provide data on
whether the coating slowly absorbs CO2 over an extended period of time which was
not noticeable in the short cycles (25 min) presented here. Furthermore, repeating
the CO2/SA cyclic experiment for a greater duration (>1 month) would highlight if
any hysteresis occurs which was not witnessed in the short duration.
The CO2 sensor developed here employed a single LPG as the transducing element,
which simplified the fabrication procedure allowing the ionogel coating process
and sensor characterisation to be prioritised. However, attenuation bands that are
generated in the transmission spectrum of single LPGs typically possess minima with
1-2 nm width (up to 20 nm for features operating at the PMTP), creating issues
regarding identification of the precise central wavelength of the resonance features
necessary for sensing. Although this is does not pose an issue for sensing devices that
require only course resolution, the increased band-width of the resonance features
however limit the ability of the device to detect small wavelength shifts. Through
the use of cascaded LPGs (see Section 3.6.2 for a description) this issue could be
alleviated. The Mach-Zehnder interferometer created by the in-series LPGs produces
attenuation features that contain a number of interference fringes, therefore providing
finer features (in comparison to the relatively broad attenuation band) in which to
monitor, ultimately improving the resolution of the device.
The humidity and temperature response displayed by the ionogel sensor severely
affects the capability of the device for use in a practical situation. In order to remove
the response to these environmental parameters the use of additional LPGs could
be multiplexed in series to simultaneously measure temperature, humidity and CO2.
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Utilising a scheme proposed by Hromadka et al. [7], each LPG is fabricated with
a slightly different period to facilitate wavelength division multiplexing and where
individual gratings monitor only one measurand. Using the information gained
from the LPGs responsible for humidity and temperature, it would be possible to
adjust the response of the LPG designated for CO2 sensing to compensate for these
parameters.
In addition to the cross-sensitivity of humidity and temperature, [C6mim][Tf2N] has
also been demonstrated to show an affinity for other gases [8]. The solubility of CO2
in [C6mim][Tf2N] as an individual gas far surpasses that of other molecules (CH4, O2,
N2) [8], however there is evidence to suggest that the presence of CO2 may enhance
the uptake of these less soluble gases [9]. Furthermore, the solubility of hydrogen
sulfide has been shown to be considerably larger in ionic liquids with the [Tf2N]−
anion [10]. Therefore, a number of experiments focussing on the cross-sensitivity of
the ionogel sensor outlined in Chapter 7 would be necessary prior to assessment of
the device in a realistic environment, where these gases would be present. Initially,
the sensor should be exposed to each gas individually to determine if a response is
elicited. This should be followed with a test to assess whether a mixture of CO2 and
each gas produces a synergistic mix which enhances the uptake of the cross-sensitive
gas.
The creation of the ionogel CO2 sensor presented in this thesis has demonstrated the
capability of ionic liquids to be utilised as active coatings which display a refractive
index change in response to a particular measurand. Moreover, this change was still
noticeable following the mechanical stabilisation of the ionic liquid via the use of a
gelling agent. These findings reveal the possibility that the ionogel used here could
be adopted for other sensing schemes which operate via the detection of refractive
index alterations. For example, use in an SPR CO2 sensor where the ionogel could
be deposited onto the intermediate metallic layer or coated onto optical fibre tapers.
Furthermore, the use of ionogels for sensing could be extended for the detection of
other analytes. Ionic liquids such as 1-methyl-3-butylimidazolium hexaflourophos-
phate are able to absorb VOCs [11]. Although the use of 12-hydroxystearic acid is
only suitable for creating ionogels from imidazolium-based ionic liquids with large
hydrophobic chains [12], the use of aspartame-based LMOGs has been shown to gel
a greater number of ionic liquids [13]. The ability of these molten salts to absorb
various analytes and be mechanically stabilised through simple LMOGs indicates
that various new sensors could be potentially created through the incorporation of
ionic liquids.
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Appendix A
Python script for LPG phase
matching curves
The following Python script was used to generate the phase matching curves depicted
in Chapters 3 and 5.
from __future__ import division
import numpy as np
import scipy.special as sp
import matplotlib.pyplot as plt
### PS750 parameters
n1 = 1.4583
n2 = 1.4533
n3 = 1
r1 = 2.0e-6
r2 = 62.6e-6
n_min = 1.42
n_max = n1 - 1e-5
layers = 3
modes = 30
points = 20000
lambda_points = 400
lambda_min = 620e-9
lambda_max = 1100e-9
### wavelength range from lambda_min to lambda_max with
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### lambda_points number of points
lambda_range = np.linspace(lambda_min, lambda_max, lambda_points)
### range of refractive index values to identify the effective
### refractive index for every wavelength
n = np.linspace(n_max, n_min, points)
### Function to calculate the effective refractive index for
### the core and cladding for a given wavelength
def zeros_calc(n, n1, n2, n3, r1, r2, wavelength):
ko = 2*np.pi/wavelength
beta = ko*n
core_clad = []
clad_air = []
v = 0
for y in beta:
#### Calculating core and cladding boundries
w1 = np.sqrt(np.abs(ko**2*n1**2-y**2))
w2 = np.sqrt(np.abs(ko**2*n2**2-y**2))
#### Numerals indicate from which layer e.g. dJ21 from
#### cladding (2) to core (1)
dJ11 = sp.jvp(v, (w1 * r1), 1)
dY11 = sp.yvp(v, (w1 * r1), 1)
dI11 = sp.ivp(v, (w1 * r1), 1)
dK11 = sp.kvp(v, (w1 * r1), 1)
dJ21 = sp.jvp(v, (w2 * r1), 1)
dY21 = sp.yvp(v, (w2 * r1), 1)
dI21 = sp.ivp(v, (w2 * r1), 1)
dK21 = sp.kvp(v, (w2 * r1), 1)
if y < ko*n1:
Q1 = 2/(np.pi*r1)
C11 = sp.j0(w1*r1)
D11 = sp.y0(w1*r1)
dC11 = dJ11
dD11 = dY11
else:
Q1 = -1/(r1)
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C11 = sp.i0(w1*r1)
D11 = sp.k0(w1*r1)
dC11 = dI11
dD11 = dK11
if y < ko*n2:
C21 = sp.j0(w2*r1)
D21 = sp.y0(w2*r1)
dC21 = dJ21
dD21 = dY21
else:
C21 = sp.i0(w2*r1)
D21 = sp.k0(w2*r1)
dC21 = dI21
dD21 = dK21
m11 = (w1*dD11*C21-w2*D11*dC21)/Q1
m12 = (w1*dD11*D21-w2*D11*dD21)/Q1
m21 = (-w1*dC11*C21+w2*C11*dC21)/Q1
m22 = (-w1*dC11*D21+w2*C11*dD21)/Q1
M12 = np.matrix([[m11, m12], [m21, m22]])
core_clad.append(M12[1, 1])
### Calculating cladding (2) and air (3) boundaries
w3 = np.sqrt(np.abs(ko**2*n3**2-y**2))
dJ22 = sp.jvp(v, (w2*r2), 1)
dY22 = sp.yvp(v, (w2*r2), 1)
dI22 = sp.ivp(v, (w2*r2), 1)
dK22 = sp.kvp(v, (w2*r2), 1)
dJ32 = sp.jvp(v, (w3*r2), 1)
dY32 = sp.yvp(v, (w3*r2), 1)
dI32 = sp.ivp(v, (w3*r2), 1)
dK32 = sp.kvp(v, (w3*r2), 1)
if y < ko*n2:
Q2 = 2/(np.pi*r2)
C22 = sp.j0(w2*r2)
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D22 = sp.y0(w2*r2)
dC22 = dJ22
dD22 = dY22
else:
Q2 = -1/(r2)
C22 = sp.i0(w2*r2)
D22 = sp.k0(w2*r2)
dC22 = dI22
dD22 = dK22
if y < ko*n3:
C32 = sp.j0(w3*r2)
D32 = sp.y0(w3*r2)
dC32 = dJ32
dD32 = dY32
else:
C32 = sp.i0(w3*r2)
D32 = sp.k0(w3*r2)
dC32 = dI32
dD32 = dK32
m2_22 = (w2*dD22*C32-w3*D22*dC32)/Q2
m2_23 = (w2*dD22*D32-w3*D22*dD32)/Q2
m2_32 = (-w2*dC22*C32+w3*C22*dC32)/Q2
m2_33 = (-w2*dC22*D32+w3*C22*dD32)/Q2
M23 = np.matrix([[m2_22, m2_23], [m2_32, m2_33]])
M = np.dot(M12, M23)
### For a finite fields M[1, 1] must equal 0
clad_air.append(M[1, 1])
### Searches for zero crossing points returning the
### index of this value
zeros_core = np.where(np.diff(np.sign(core_clad)))[0]
zeros_clad = np.where(np.diff(np.sign(clad_air)))[0]
215
clad_neff = []
core_neff = n[zeros_core[0]]
### Adds to the list clad_neff the refractive
### index value based on the index values from zeros_clad
for i in zeros_clad:
clad_neff.append(n[i])
return beta, core_neff, clad_neff, core_clad, clad_air, ko
### Function to return cladding effective refractive indices for
### all defined wavelengths and plot dispersion curves for required
### modes
def solution():
print("Calculating zeros of claddding coefficient")
clad_neff = []
### Calculates cladding effective refractive index for each
### wavelength and adds to the list clad_neff
for i in lambda_range:
clad_modes = zeros_calc(n, n1, n2, n3, r1, r2, i)
clad_neff.append(clad_modes[2])
### Defines plot parameters
fig = plt.figure("Dispersion curves",
facecolor="white", edgecolor="white")
ax = fig.add_subplot(1, 1, 1)
ax.set_xlabel("Wavelength (nm)")
ax.set_ylabel("Effective refractive index")
plt.hold(True)
### Plots dispersion curves for defined number of modes
for i in range(modes):
ax.plot(lambda_range*1e9, clad_neff[i])
# plt.show()
return clad_neff
### Function to generate phase matching curves
def phase_matching_curve_plots(diffraction_order, core_neff, clad_neff):
print("Plotting phase matching curves")
### Defines plot parameters
fig = plt.figure("Phase matching curves",
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facecolor="white", edgecolor="white")
ax = fig.add_subplot(1, 1, 1)
ax.set_xlabel("Wavelength (nm)", fontsize=18)
ax.set_ylabel("Period ($\mu$m)", fontsize=18)
ax.tick_params(labelsize=14)
### Generates 1st order phase matching curves
for i in range(modes):
first_period = (lambda_range*diffraction_order /
(core_neff-clad_neff[i]))
ax.plot(lambda_range*1e9, first_period*1e6, color='blue')
### Uncomment for addition of 2nd order phase matching curves
# for i in range(modes):
# second_period = (lambda_range*(diffraction_order+1) /
# (core_neff-clad_neff[i]))
# ax.plot(lambda_range*1e9, second_period*1e6, color='red')
### Uncomment if legend is required
# ax.legend(handles, ylabels)
# ax.legend(loc="upper right", fontsize=12)
plt.show()
return
### Defines the effective refractive index for all cladding modes
### as n_eff
n_eff = solution()
### Calls the phase matching curve function for core effective
### refractive index (n_eff[0]) and cladding effective refractive
### index (n_eff[1:])
phase_matching_curve_plots(1, n_eff[0], n_eff[1:])
Appendix B
Python script for square-wave
Fourier analysis
In Chapter 6, a Fourier transform was applied to a square-wave, based on the UV
irradiation pattern generated by the point-by-point method, to identify the harmonic
content of this waveform with a 50% duty cycle. To achieve this, the following
Python script was written which resulted in a single graph depicting the harmonics
present in a square wave possessing a 50% duty cycle.
from scipy import signal
import numpy as np
import matplotlib.pyplot as plt
duty = 0.5
period = 0.001
length = 1000
### Resolution of square waveform
per = np.linspace(-length/2,length/2,np.int(length/period))
### Produces a square wave with a 50% duty cycle
sq = 1+(signal.square(2*np.pi*per*length/(period), duty))
### Applies an FFT to the square wave
ft = np.fft.fft(sq)
### Centres the transform
ftshift = np.fft.fftshift(ft)
### Plot parameters for the single plot for 50% duty cycle
fig = plt.figure(facecolor='white', edgecolor='white')
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ax = fig.add_subplot(111)
ax.set_xlabel('Harmonic number', fontsize=18)
ax.set_ylabel('Amplitude (a.u.)', fontsize=18)
ax.set_xlim(-3.5, 3.5)
ax.tick_params(labelsize=14)
plt.plot(per, np.abs(ftshift))
plt.show()
Appendix C
Python script for harmonic
intensity dependence on duty
cycle in a square wave
To identify the influence duty cycle has on the generation of harmonics in a square
wave, the following Python script was implemented in Chapter 6 to produce a single
graph which shows harmonic intensity as a function of duty cycle.
from scipy import signal
import numpy as np
import matplotlib.pyplot as plt
duty = np.linspace(0, 1, 1001)
period = 0.01
length = 100
### Resolution of square waveform
per = np.linspace(-length/2,length/2,np.int(length/period))
ax.xaxis.set_major_locator(plt.MaxNLocator(12))
### Identifies the index of the 1st - 3rd harmonics
first_index = np.ravel(np.where(per>1))[0]
#print(first_index)
scnd_index = np.ravel(np.where(per>2))[0]
#print(scnd_index)
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third_index = np.ravel(np.where(per>3))[0]
scnd_order = []
first_order = []
third_order = []
### Using the index found above, the value is applied to find
### the intensity of each required harmonic for every duty cycle
### iteration and added to their designated list
for dc in duty:
sq = 1+(signal.square(2*np.pi*per*length/(period), dc))
ft = np.fft.fft(sq)
ftshift = np.fft.fftshift(ft)
first_order.append(np.abs(ftshift[first_index]))
scnd_order.append(np.abs(ftshift[scnd_index]))
third_order.append(np.abs(ftshift[third_index]))
### Parameters for plotting area
fig = plt.figure(facecolor='white', edgecolor='white')
ax = fig.add_subplot(111)
ax.set_xlabel('Duty cycle (\%)', fontsize=18)
ax.set_ylabel('Intensity (a.u.)', fontsize=18)
ax.tick_params(labelsize=14)
y_ticks = [0, 10, 20, 30, 40, 50, 60]
### Plots all harmonic lists on a single plot
ax.plot(duty*100, first_order, label='1$^{st}$ order')
ax.plot(duty*100, scnd_order, label='2$^{nd}$ order')
ax.plot(duty*100, third_order, label='3$^{rd}$ order')
### Adds dotted lines for visual aid
plt.axvline(25, color='gray', linestyle=':')
plt.axvline(50, color='gray', linestyle=':')
plt.axvline(75, color='gray', linestyle=':')
### Applies a legend
handles, labels = ax.get_legend_handles_labels()
ax.legend(handles, labels)
ax.legend(loc='upper right', fontsize=14)
plt.show()
Appendix D
Calculation of fibre strain induced
through aluminium frame thermal
expansion
In order to ensure the LPG remained under tension during the temperature character-
isation in Section 6.2.1, the fibre was attached to an aluminium frame. Nevertheless,
the frame would expand with an increase in temperature, thereby applying additional
strain to the fibre. The following calculation was used to identify the magnitude
of this strain (by extension the maximal wavelength shift) and whether this would
significantly influence temperature characterisation.
Initially, the change in length of the alumiunum frame (mm), ∆L, was calculated,
assuming the frame was composed of pure aluminium, using [1],
∆L = αL∆T, (D.1)
where α is the approximate thermal expansion coefficient of aluminium (24×10−6 [1]),
L is the initial length of the aluminium frame (mm) at 25◦C, and ∆T is the change
in temperature (K). Assuming the fibre did not slip in the frame and experienced
the same ∆L, the applied strain, , was determined by [2],
 = ∆L
L
(D.2)
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